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Abstract 
 
In the past few decades, accompanied by the fascinating development of micro- and 
nano-fabrication techniques, the successful integration of subwavelength optics and 
multilayer structures has led to a number of remarkable discoveries. In this work, I 
present both experimental and theoretical investigations of the optics of thin metallic 
films with micro-/nano-scale perforations in the UV-VIS-IR ranges. Different fabrication 
techniques are employed, including nanosphere lithography, grain boundary lithography, 
crack templates, and sintered nanoparticles. The optical properties these films are studied, 
revealing important relation between optical response and the film geometry. This 
includes the evolution of plasmonic resonances in a series of periodic arrays of holes in a 
metallic film, with hole sizes increasing gradually until an array of islands is achieved. 
This evolution is an analog of the percolation problem, and critical phenomena are 
observed at the percolation threshold. Multilayer broad-band electromagnetic absorbers 
are also designed and fabricated based on the study of these perforated films. Parallel 
with these observations, an analytical coherence model is proposed to bridge the 
subwavelength and superwavelength limits. Such a model also provides an alternative 
way to handle thin random structures, avoiding large quantity of numerical computation. 
These studies can find applications in the design of sensors, ultrathin solar cells and 
transparent electrodes, as well as in applications where random structures are widely used. 
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Chapter 1 Introduction 
 
1.1 From Maxwell Equations to thin film optics 
 
Macroscopic Maxwell equations describe the fundamental way how 
electromagnetic waves are propagating through media[1-2] 
Gauss’s law                                                     ⃑                                                      
Gauss’s law for magnetism                            ⃑                                                       
Faraday’s law                                               ⃑  
  ⃑ 
  
                                             
Ampere’s law                                               ⃑  
  ⃑ 
  
                                               
where  ⃑  is the electric displacement,   is the free charge density,  ⃑  is the magnetic 
induction,  ⃑  is the electric field,  ⃑  is the magnetic field,  and    is the free charge current 
density. In a linear, homogeneous, isotropic and local dielectric, the transverse  ⃑  is 
related to  ⃑  by permittivity  ,  ⃑    ⃑ ; permeability  , on the other hand, relates  ⃑  and  ⃑ , 
 ⃑    ⃑ . In one approach, used here, an arbitrary medium can be viewed as discrete 
composite of such linear, homogeneous, isotropic and local media. ε of dielectric 
materials, such as SiO2 and Al2O3, is almost a constant in the entire frequency range (the 
visible to infrared range, VIS-IR) of interest. Metals, on the other hand, are strongly 
frequency dependent. A very good model for metals is the Lorentz-Drude model, which 
represents the permittivity as a sum of harmonic resonances, each produced by a group of 
electrons 
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       ∑
    
 
  
         
 
                                                    
where j  is the j th resonant frequency, j  is the resonance loss rate, and j  is a 
parameter that determines the strength the j th resonance.[2-5] The frequency independent 
term corresponds to the contribution from bound electrons. An even simpler (yet very 
successful) version of this model is the so-called Drude model, which considers only the 
free electrons of a metal (plasma) 
      ∞    
  
 
       
                                                       
where the plasma frequency    is determined by  
   √
   
   
                                                                     
where n is the electron volume density and m is the effective mass. Similar form can be 
written for the permeability, however the resonance frequencies for metals are very low 
(radio frequencies), so that in the VIS-IR ranges of interest   = 1.  
With the propagation laws (Eq. 1.1) and the material response equation (Eq. 1.2 or 
1.3), we can now consider a plane wave incident on the surface z=0, with the electric 
field parallel to the plane of incidence (p-polarization), shown in Fig. 1-1. Due to the 
continuity of the z-component of  ⃑  and the y-component of  ⃑  at the interface z=0, we 
can calculate the reflection and transmission coefficient defined and calculated as[6] 
  
  
  
 
√     �   √       
√        √       
                                      
  
  
  
 
 √       
√        √       
                                          
3 
 
 
Figure 1-1 Electromagnetic waves (p-polarized) transmit and reflect at an interface 
between two materials    and   . The wave vectors and electric fields are shown for 
incident, reflected and transmitted waves.  
 
Figure 1-2 Optical parameters of a 3-layer planar system for calculation of the 
reflectance coefficients 
 
The above approach (due to Fresnel) is a general way to handle optics of thin films, such 
as the reflection of a three-layer structure at an incident angle of θ. The reflectance 
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       ) of the three-layer system, as shown in Fig. 1-2, can be calculated by using the 
complex reflection coefficient  
  
      
         
                  
     
                                       
                            
where    and    are defined in the schematic plot of Fig. 1-2,   ,    , and    are the 
Fresnel coefficients of individual interfaces. For p-polarization from Eq. (1.5a),   
            
            
,    
               
               
, and    
               
               
. For s-polarization, we have 
   
            
            
,    
               
               
, and    
               
               
. 
One of the most successful applications of such method is the invention of the 
Fabry–Pérot (F-P) interferometer (etalon), which was invented in 1897.[7] One type of the 
F-P interferometers is the reflection filter, which is typically made of a thin metal film 
and a transparent dielectric layer on a metallic substrate, forming a metal/insulator/metal 
(MIM) structure.[8-9] For simplicity, we assume    and    being the same metal and    
  in the above sketch model (Fig. 1-2 and Eq. (1.4)), meaning       . Since the top 
layer is usually quite thin (    ), thus we have     . At normal incidence, when the 
thickness of the insulator    is odd multiples of        ,      and thus      
  
reaches the minimum value     
 . At wavelengths other than λ, a high reflection can be 
observed. This property will be discussed in details in Chapter 4. 
 
1.2 Bulk, surface, and localized surface plasma 
 
The reason why a plasma model, such as the Drude model, can explain the optical 
properties of metals over a wide frequency range is based on the fact that metals can be 
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viewed as a gas of free electrons moving against a fixed background of positive ion cores. 
The intrinsic oscillating frequency of the free electron gas, the plasma frequency   , is  
At the interface between a metal and a dielectric material, such free electron gas, or the 
plasma, also feels the confinement of the positive ion cores from the dielectric side.[10] 
Thus, at the interface, a surface plasma (SP) mode replaces the bulk plasma mode, and it 
can propagate along the interface. This wave of coupled electromagnetic and charge 
excitations is also called a surface plasmon polariton (SPP). Dispersion of this mode can 
be obtained by requiring that the reflection coefficient for the system (such as shown in 
Fig. 1-1) vanishes, i.e. r = 0.  From Eq. (1.5a), this leads to 
    
 
 
√
    
     
                                                               
where    and    are the permittivity of the two media.
[5] At the interface of a metal with 
vacuum (    ) we could use      
  
 
  
  (simple Drude), and then we would get the 
two branches of the SP mode, shown in Fig. 1-3. The upper branch (black solid line) 
represents a radiative mode that will quickly dissipate into light. The lower branch (blue 
solid line) represents the stable SP mode. This mode cannot couple to photons in vacuum, 
since its dispersion does not cross the “light line” (red dashed curve) representing the 
photon mode in vacuum propagating parallel to the metal surface. The lower branch of 
SP approaches asymptotically, for large    (component of      parallel to the metal 
surface) the horizontal dotted blue line, which is the surface plasmon frequency     
   √  . Fig. 1-3 shows also the dispersion of a longitudinal bulk plasmon. 
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Figure 1-3 Normalized frequency versus the normalized in-plane wave vector for the 
surface plasmon (solid lines) at an interface between vacuum and a perfect Drude metal.  
The red dashed line is the dispersion for light line along the interface and the dash-dotted 
line for the longitudinal bulk plasmon.  The value of surface plasmon frequency is shown 
as the blue dotted line. 
 
The above discussion of SP is based on an infinite large interface, where the plasma 
will dissipate eventually if the materials are lossy. However, if local geometry is 
comparable to the wavelength, properties of the boundaries will change how electrons 
oscillate and the distribution of the electron charge density. Thus standing surface plasma 
waves, or localized surface plasma (LSP), could be generated along the interface between 
the metals and dielectrics, at their own characteristic resonant frequencies. 
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Figure 1-4 Illustration of circumferential quantization of surface charge distribution for a 
metal sphere   
 
Figure 1-4 shows the interaction between light and small metal particles as a well-
established boundary problem that can be solved by the Mie theory.[11-12] For a particle of 
radius a ~ λ, the LSP are circumferentially quantized. Fig. 1-4 illustrates that when light 
hits the metal particle, the electric field of an incoming light wave induces a polarization 
of the free electrons with respect to the much heavier ionic background of the particle. A 
net induced charge occurs only at the particle surface. The circumference of the particle 
is equal to an integer multiple (n) of the wavelength of a surface charge wave (LSP): 
      . 
 
1.3 Finite-Difference Time-Domain simulation 
 
For spherical particles, the scattering problem can be solved rigorously by the Mie 
theory, but in most cases, such an analytical calculation is not possible. Powerful 
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computational methods have been proposed to solve such problems. One of the most 
popular is the Finite-Difference Time-Domain (FDTD) method.[13-14] The fundamental 
idea of the FDTD method is to discretize both the space and time variables in the 
Maxwell’s equations, and to recursively relate fields at points in the space-time to those 
at earlier time and locations. 
After discretization to a certain small interval (Δ  Δ  Δ  Δ ), a point in the 
space-time can be expressed by multiplication of indices           and corresponding 
increments. [13-14] A function f at a discrete point ( Δ   Δ   Δ   Δ ) in space-time 
can thus be written as 
 ( Δ   Δ   Δ   Δ )        
                                                     
The first partial derivative of f in space along the x direction, at a particular instant  Δ , 
is: 
  
  
( Δ   Δ   Δ   Δ )  
          
            
 
Δ 
  [(Δ )
 
]                            
and the first partial derivative of f in time, at a particular point   Δ   Δ   Δ  , is: 
  
  
( Δ   Δ   Δ   Δ )  
      
     
       
     
Δ 
  [(Δ )
 
]                        
With these notions, we can write down (from Maxwell’s equations) the following FDTD 
time stepping formulas in a Cartesian coordinate system that are induced from above 
equations, with the discrete mesh grid (Yee’s lattice) shown in Fig. 1-6[15] 
        
            
  
  
      
(
        
  
 
            
  
 
 
  
 
        
  
 
            
  
 
 
  
)                     
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Using these equations, the E and H fields and their evolution in time can be 
determined directly. Simulation packages such as Computer Simulation Technology 
Microwave Studio and MEEP (MIT Electromagnetic Equation Propagation) are used in 
this work. 
 
Figure 1-6 Yee’s lattice (unit cell) in a 3D meshed grid in FDTD method. 
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1.4 Perforated metallic films 
 
Since the discovery of the extraordinary optical transmission,[16] the 
electromagnetic response of periodic arrays of subwavelength holes in metal films and 
metallic wire networks have been intensively studied in recent years in the fields of 
plasmonics and metamaterials.[17-20] Metallic films with periodic arrays of holes allow the 
external radiation to couple to the SPP propagating along the film. Metallic films with 
aperiodic arrays of randomized holes, on the other hand, de-tune and/or de-cohere the 
propagating modes, leading to a smooth, broad-band response. As expected, the 
geometrical features of the these films play an important role in determining their optical 
properties.[21] In the scenario of solar energy harvesting, there have been multiple 
pioneering researches to take advantage of these Perforated metallic films by integrating 
them into thin film solar cells.[22-24] However, due to the complexity of the physics and 
the fabrication of these subwavelength structures, there is an urgent need to fabricate 
them cheaply and understand the optics behind them. In the following chapters of this 
thesis, the fabrication techniques (Chapter 2), optics of single films (Chapter 3) and 
multilayers (Chapter 4) with these films will be discussed in details. 
 
 
 
 
  
11 
 
Reference 
[1] Jackson, J. D.; Classical Electrodynamics (third edition), Wiley, 1998 
[2] Fowles, G. R.; Introduction to Modern Optics (second edition), Dover Publications, 
New York, 1991 
[3] Kittel, C.; Introduction to Solid State Physics (8th edition), Wiley, 2004 
[4] Eyges, L.; The Classical Electromagnetic field, Dover Publications, New York, 1991 
[5] Maier, S. A.; Plasmonics: Fundamentals and Applications, Springer, New York, 2006 
[6] Heavens, O. S.; Optical Properties of Thin Solid Films, Dover Publications, New 
York, 1991 
     harles Fa r y and Alfred   rot, Ann. Chim. Phys. 12, 459–501(1897) 
[8] Hadley, L. N.; Dennison, D. M.; J. Opt. Soc. Am. 37, 451 (1947) 
[9] Hadley, L. N.; Dennison, D. M.; J. Opt. Soc. Am. 38, 483 (1948) 
[10] Ulrich, R. Infrared Phys.; 7, 37(1967) 
[11] van de Hulst, H. C.; Light Scattering by Small Particles, Dover Publications, New 
York, 1991 
[12] Mie, G.; Ann. d. Physik, 330, 377(1908) 
[13] Taflove, A.; Computational Electrodynamics: The Finite-Difference Time-Domain 
Method, Artech House, Norwood, MA, 1995 
[14] Taflove, A.; IEEE Transactions on Electromagnetic Compatibility 22, 191–
202(1980) 
[15] Yee, K.; IEEE Transactions on Antennas and Propagation 14, 302–307(1966) 
[16] Ebbesen, T. W.; Lezec, H. J.; Ghaemi, H. F.; Thio, T.; Wolff, P. A. Nature 391, 
667–669(1998) 
12 
 
[17] Mitsuishi, A.; Otsuka, Y.; Fujita, S.; Yoshinaga, H. Jpn. J. Appl. Phys. 1963, 2, 574. 
[18] Yang, F.; Sambles, J. R. Phys. Rev. Lett. 89, 063901(2002) 
[19] Prikulis, J.; Hanarp, P.; Olofsson, L.; Sutherland, D.; Käll, M. Nano Lett. 4, 
1003(2004) 
[20] Zhang, S.; Fan, W.; Malloy, K. J.; Brueck, S. R. J.; Panoiu, N. C.; Osgood, R. M. 
Opt. Exp. 13,  4923(2005) 
[21] Koerkamp, K. J. K.; Enoch, S.; Segerink, F. B.; Hulst, N. F. v.; Kuipers, L. Phys. 
Rev. Lett. 92, 183901(2004) 
[22] Ferry, V.; Verschuuren, M.; van Lare, M.; Schropp, R.; Atwater,H.; Polman, A. 
Nano Lett. 11, 4239(2011) 
[23] Atwater, H.; Polman, A. Nat. Mater., 9, 205(2010) 
[24] Green, M.; Pillai, S. Nat. Photon., 6, 130(2012) 
  
13 
 
Chapter 2 Fabrication of perforated metallic films 
 
This chapter introduces methods used in this work to fabricate thin films, especially 
thin metallic films with various perforations on the nano- and micro- scales, including 
continuous thin films, periodic patterns (nanosphere lithography), and aperiodic patterns 
(grain boundary lithography, crack template and sintered nanoparticles). Sections 2.1 and 
2.2 give introduction to various techniques and film formation process. Structures 
discussed in Sections 2.3 are periodic, and those in 2.4 random. Among these, structures 
described in 2.4.1 were developed in this work at Boston College and University of 
Houston. Other sections describe structures developed in collaboration with other groups.  
Specifically, periodic patterns in Section 2.3 were provided by Prof. Michael Giersig’s 
group at the Free University Berlin. The random networks in Subsections 2.4.2 and 2.4.3 
were mainly fa r icated  y  rof. Jinwei Gao’s group at the South  hina Normal 
University. 
 
2.1 Formation of thin films 
 
In general, microscopic formation of thin films by physical vapor deposition (PVD) 
methods occurs through following processes/steps:[1] 
1. Thermal accommodation. 
Impinging atoms lose enough energy thermally to stay on the substrate. This 
process is very fast, usually around 10-14 s. 
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2. Binding 
There is always competition between deposition and desorption of atoms. Binding 
could be due to either physisorption (weak bonds by Van der Waals force) or 
chemisorption (strong bonds by chemical reaction).   
3. Surface diffusion 
Adsorbed atoms perform random walk over the surface (diffusion distance). When 
the diffusion distances of two such atoms overlap, a cluster may form in the overlap 
region by nucleation. 
4. Nucleation 
Formation of stable clusters is crucial in formation of the films. Nucleation is 
possible because large clusters have lower condensation energy per unit volume than 
individual atoms or small clusters. However, since the total energy of the system also 
contains surface energy, which is higher for large clusters, the equilibrium size of clusters 
and the nucleation rate is determined by these competing terms. 
5. Island growth  
Island growth occurs when the smallest stable clusters nucleate on the substrate and 
grow three-dimensionally to form islands. In this stage the prior nuclei incorporate 
impinging atoms and subcritical clusters and grow in size while the island density rapidly 
saturates. Three basic growth modes are observed: (1) island (or Volmer-Weber, VW), (2) 
layer-by-layer (or Frank-van der Merwe, FM), and (3) mixed growth (Stranski-Krastanov, 
SK), which are illustrated schematically in Fig. 2-1.[2] The VW mode usually forms three 
dimensional islands, and occurs when film atoms are more strongly bound to each other 
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than to the substrate. The FM mode, on the other hand, occurs when film atoms are more 
strongly bound to the substrate than to each other. 
 
Figure 2-1 Three island growth modes (a) Volmer-Weber, (b) Frank-van der Merwe, and 
(c) Stranski-Krastanov. 
 
6. Coalescence  
There are also three common mechanisms for coalescence: Ostwald ripening, [3] 
where atoms leave small islands more rapidly than large islands forming a net flow of 
atoms towards the large islands; sintering, where a neck forms between islands and then 
successively thickens as atoms are transported into the region; and cluster migration, 
where small randomly moving clusters are absorbed by larger clusters (Fig. 2-2). 
 
Figure 2-2 three coalescence mechanisms for coalescence (a) Ostwald ripening, (b) 
sintering, and (c) cluster migration 
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7. Continued growth 
With further deposition, the channels between islands are filled-in and shrink, 
leaving isolated voids behind. Finally, when the voids are filled in completely, the film is 
said to be continuous. This collective set of events occurs during the early stages of 
deposition, typically accounting for the first few hundred angstroms. 
 
2.2 Conventional thin film fabrication techniques 
 
Film deposition techniques fall into two categories: Physical Vapor Deposition 
(PVD) and Chemical Vapor Deposition (CVD). In the PVD category, thermal and 
electron-beam evaporation, RF and DC magnetron sputtering, pulsed laser deposition 
(PLD) and molecular beam epitaxy (MBE) are most widely used. CVD techniques 
include Plasma-Enhanced CVD (PECVD) and Atomic Layer Deposition (ALD).[4] 
1. Thermal evaporation 
In thermal evaporation, source materials are fed onto heated ceramic evaporators. A 
pool of melted metal forms in the boat cavity and evaporates into a cloud above the 
source. Alternatively, they are placed in a crucible, which is radiatively heated by an 
electric filament; or the source material may be hung from the filament itself (Fig. 2-3). 
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Figure 2-3 Schematic plot of thermal evaporation 
 
2. Electron-beam evaporation 
A target anode is bombarded with an electron beam given off by a charged tungsten 
filament under high vacuum. The electron beam causes atoms from the target to 
transform into the gaseous phase. These atoms then precipitate into solid form, coating 
everything in the vacuum chamber (within line of sight) with a thin layer of the anode 
material (Fig. 2-4). 
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Figure 2-4 Schematic plot of e-beam evaporation 
 
3. Magnetron sputtering 
By first creating gaseous plasma and then accelerating the ions from this plasma 
into some source material, the source material is eroded by the arriving ions via energy 
transfer and is ejected in the form of neutral particles - either individual atoms, clusters of 
atoms or molecules. As these neutral particles are ejected, they will travel in a straight 
line unless they come into contact with the substrate and thus coat the substrate with a 
thin film (Fig. 2-5). DC and RF magnetron sputtering are often used for conducting or 
insulating materials. Magnetron sputtering is most popular due to high rate and low 
operation pressure. 
 
Figure 2-5 Schematic plot of magnetron sputtering 
 
4. Pulsed laser deposition 
PLD is the technique where a high-power pulsed laser beam is focused inside a 
vacuum chamber to strike a target of the material that is to be deposited, shown in Fig. 2-
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6, where this material is vaporized from the target and deposits on a substrate. PLD is 
often good for deposition of multielemental materials. 
 
Figure 2-6 Schematic plot of pulsed laser deposition 
 
5. Molecular beam epitaxy 
Molecular beam epitaxy (MBE) is the most sophisticated PVD growth method. In 
MBE, a source material is heated to produce an evaporated beam of particles. These 
particles travel through a very high vacuum to the substrate, where they condense. During 
operation, reflection high energy electron diffraction (RHEED) is often used for 
monitoring the growth of the crystal layers. A computer controls shutters in front of each 
furnace, allowing precise control of the thickness of each layer, down to a single layer of 
atoms. MBE has lower throughput than other forms of epitaxy but is widely used for 
growing III-V semiconductor crystals (Fig. 2-7). 
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Figure 2-7 Schematic plot of MBE 
6. PECVD 
CVD often need precursors, which react and/or decompose on the substrate surface 
to produce the desired deposit. In PECVD, depicted in Fig. 2-8, chemical reactions occur 
after creation of plasma of the reacting gases. The plasma is generally created by RF 
frequency or DC discharge between two electrodes, the space between which is filled 
with the reacting gases. 
 
 
Figure 2-8 Schematic plot of PECVD 
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7. Atomic layer deposition 
Atomic layer deposition (ALD) is based on the sequential use of a gas phase 
chemical process. The majority of ALD reactions use two precursors. These precursors 
react with a surface one at a time in a sequential, self-limiting, manner. By exposing the 
precursors to the growth surface repeatedly, a thin film is deposited (Fig. 2-9). 
 
Figure 2-9 Schematic plot of ALD 
 
2.3 Nanosphere lithography and shallow angle nanosphere lithography 
 
Nanosphere lithography (NSL) is a technique to generate single layer of hexagonal 
close packed nanoscale features.[5-12] Generally, NSL applies planar self-assembled 
monolayers of spheres (typically made of latex or silica, polystyrene in our cases) as 
lithography masks to fabricate nanoparticle arrays. A typical NSL route is depicted in Fig. 
2-10, including (1) formation of a monolayer of self-assembled polystyrene (PS) sphere, 
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(2) plasma etching to shrink sphere sizes to the wanted diameter, (3) evaporation of a thin 
metallic film and (4) removal of the spheres by ethanol. 
 
Figure 2-10 Steps of nanosphere lithography 
 
 
Figure 2-11 Simulation of evaporation of the nanoribbons with RIE of (a)90%, (b)80%, 
(c)70%, and (d)60% of initial diameter of the spheres. Position of mask spheres is 
indicated with red circles, over the [  2 0  crystalline direction, while the θ=35 degrees. 
 
23 
 
One variation of the above technique is the shallow angle nanosphere lithography 
(SANSL), [13] which can be used to generate nanoribbon gratings, or parallel nanowires. 
This method is using a self-assembled array of pre-treated PS spheres as a shadow mask, 
but evaporating metal at a very shallow angle. Fig. 2-11 shows simulation results of 
evaporation of metal on the substrates at an incident angle of 35° with different PS sphere 
radii. 
 
Figure 2-12. (a) A diffraction pattern for 440 nm PS particles on sapphire substrate. (b) 
Schematic of the EBE system and the sample orientation in the SANSL method, (c) SEM 
image of the nanoribbon grating obtained with the initial PS diameter of 440 nm. (d-e) 
AFM images of the nanoribbon gratings with the initial PS diameters of 540 and 1200 nm, 
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correspondingly. (f) AFM image of nanoribbon grating at large magnification. (g) A 
vertical AFM profile of the nanoribbons shown in (f), along the white line. The color 
markings in (f) correspond to the vertical lines on the profile. 
 
The sample preparation has four main steps. In the first step, we prepared an 
ordered monolayer of PS spheres (440nm in diameter) onto a macroscopic (1 cm2) 
transparent substrate (γ-Al2O3). The resulting hcp ordering of the PS particles consists of 
a single grain with only about 10 % point-defects. Then, the PS spheres are first 
thermally processed at 105°C to fix their positions on the substrate, and then exposed to a 
reaction ion etching (RIE) to reduce their sizes. Samples were modified in a reactive ion 
etching (RIE) chamber using the following parameters: flow (Ar) =10 sccm, flow (O2) = 
35 sccm, P =60 W, p =8 Pa. Process duration was varied between 45 and 55 s.  To 
fabricate paralleling nanowires by means of SANSL, the next step is to determine the 
orientation of the mask (before or after etching) on the substrate. The orientation of the 
PS mask can usually be checked afterwards by laser diffraction, as the particles remain in 
high quality long-range order. A diffraction pattern for 440 nm particles on sapphire 
substrate is presented in Fig. 2-12(a). The laser wavelength was adjusted to the particle 
size. Next, metals were deposited by e-beam evaporation (EBE) at a base pressure of 10-7 
mbar. The deposited films were: Ti buffer (2 nm), Au (100nm). During deposition a very 
shallow evaporation angle of θ = 20~35° was used, as shown in Fig. 2-12(b). 
Additionally, the projection of the tilting axis to the sample’s surface was kept 
perpendicular to one of the high symmetry axes of the PS mask array. Following the 
metal film depositions, PS spheres were removed with toluene in an ultrasonic bath for 
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30 min, then the substrate was rinsed in acetone and Milli-Q water, successively, and 
finally dried under an Ar stream. 
Fig. 2-12(c)-(g) show images of our highly oriented nanoribbon gratings. The 
defect-free areas up to hundreds of square micrometers can be easily achieved. By 
changing the initial diameter of spheres and RIE processing time, the grating period and 
the ribbon width can be controlled. Fig. 2-12(c) shows the SEM image of the nanoribbon 
grating obtained with the initial PS diameter of 440 nm. Fig. 2-12 (d)-(e) show atomic 
force microscope (AFM) images for the gratings with the initial PS diameters of 540 and 
1200 nm, correspondingly. The fine “sinusoidal” modulation of the inter-ribbon spacing 
(a by-product of the SANSL process), can be either suppressed (Fig. 2-12(c)), or 
enhanced (Fig. 2-12(d)) by adjusting parameters of the process (e.g. PS etching time, 
temperature, etc.). Fig. 2-12(f)-(g) show detailed AFM study of the local geometry of a 
nanoribbon grating. From the vertical profile (Fig. 2-12(g)) the average thickness of the 
ribbons was determined to be 35 nm. 
 
2.4 Metallic films with random perforations 
 
Three different techniques will be covered in this section regarding the fabrication 
of metallic films with random perforations, including grain boundary lithography, crack 
templates, and sintered nanoparticles. 
 
2.4.1 Grain boundary lithography 
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NSL is good for fabrication of periodic hole arrays but limited to a restricted size 
due to the uniformity of self-assembly. Here we present a novel method (developed while 
working on this thesis), the grain boundary lithography (GBL). [14-15] GBL produces high 
quality metal nanomesh electrodes. The metallic nanomesh is a network of fully 
connected metal wires (also can be viewed as a perforated metallic film), avoids the 
problem of contact resistance, and has good electrical conductivity as well as 
transparency. The nanomeshes of Au exhibit high stretchability, and have a modest 
increase in electrical resistance at a strain as large as ~160%. A nested self-similar mesh 
is formed under large strains, allowing it behaves like the case at small strains, so that the 
electrode can be further stretched while remain electrically conductive.  
The bilayer lift-off metallization technique offers great advantages in resolution, 
removal, process simplicity, undercut control and yield over conventional single-layer 
lift-off process.[15-16] The double-layer consists of an In2O3 mask layer and a SiOx 
sacrificial layer for undercut formation. The In2O3 mask layer is transformed from an 
indium (In) film by HNO3 etching and thermal oxidation. The as-deposited In film is 
made of monolayer of In grains. After HNO3 etching a gap is formed with a controllable 
width between neighboring grains. Fig. 2-13(a)-(f) show the six steps involved in the 
grain boundary lithography: (1) deposition of a 65 nm thick SiOx sacrificial layer on a Si 
wafer (resistivity: 5-  Ω·cm, thickness: 0.5 mm), followed by a 100 nm thick In film, (2) 
etching in 20 wt.% HNO3 for gap formation, (3) thermal oxidation at 400 °C for 2 h to 
form In2O3 islands, (4) rinsing in 5 wt.% HF for 12 s, leading to the formation of 
undercuts, (5) deposition of a metal film on top of the HF etched surface, so that a metal 
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nanomesh is formed in the gaps, and (6) lift-off process to dissolve the SiOx and removal 
of In2O3 islands in 5% HF solution to form a metal nanomesh on the substrate. 
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Figure 2-13 Fabrication of metal nanomeshes.  The left column represents schematics, 
while the middle and right columns are corresponding top view and cross sectional SEM 
images. (a) deposition of In/SiOx bilayer on a Si wafer (b) gap formation by etching in 
diluted HNO3 (c) conversion of In islands into In2O3 islands by thermal oxidation (d) 
undercut formation by rinsing in diluted HF (e) deposition of metal film leading to the 
formation of metal nanomesh in the grooves (f) lift-off process to remove In2O3 and SiOx. 
Scale bars are 500 nm. 
 
 The line width, mesh size, and thickness of the metal nanomeshes are all well 
controlled. The width the metal wires is defined by the gap in step (2). Our experimental 
data reveals that the gap width increases linearly with the increasing of HNO3 etching 
time. The good uniformity and controllability of gap width is related to the isotropic 
etching process, including surface oxidation (or passivation) and acidic etching. The 
isotropic etching from grain boundaries offers a precise controllability over the width of 
nanowires.[17] This mechanism is also different from main-stream nanofabrication 
techniques, for which feature size is often determined by the spot size of energy beam, or 
by template feature size. Here, we applied H+ ions to laterally etch the surface-oxidized 
In islands from the boundary, leading to precisely controllable gaps (w) whose width can 
be tuned on molecular scale (theoretically) by tuning the etching time (t). The empirical 
relation between w and t is w≈5t-24 (nm), as shown in Fig. 2-14. Moreover, the etching 
process of a wafer scale sample can be finished in seconds, quite suitable for mass 
production. The mesh size (M), which equals to the size of In islands, is found to be 
linear in the thickness of the In films, with an empirical relationship of M ≈  h, where h is 
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the film thickness (when h is in the range from 50 nm to 500 nm). The thickness of the 
metal nanomeshes can be precisely controlled by varying the metal film thickness. The 
line width, mesh size, and thickness of the metal nanomeshes determine transmittance 
and sheet resistance of the nanomeshes.  
 
Figure 2-14 (a)-(c) Illustration of the surface oxidation-acidic etching in diluted HNO3. 
(a) In grains with a clean surface and the initial gap between the grains, (b) an oxide layer 
is formed in diluted HNO3, (c) acidic etching and surface oxidation, the arrows indicate 
etching directions, and (d) dependence of gap width (w) on etching time (t). 
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Figure 2-15 Transfer of the metal nanomesh: (a) wedging transfer of metal nanomesh; (b) 
metal nanomesh floating on water surface (c) pressing a target substrate on the metal 
nanomesh; and (d) lifting the nanomesh.  
 
In order to completely remove the In2O3 grains and protect the metal mesh, we use 
catalytic etching in which the metal nanomesh is buried into Si wafer with a depth of 
several hundred nanometers or larger.[18] Metal nanomeshes on or embedded inside 
silicon wafer, however, are difficult to be directly transferred to other substrates because 
of the good adhesion of the metal/Si interface. To solve this problem, we insert a 
dissolvable layer between the metal mesh and Si substrate. We first rinse the sample in 
hot diluted KOH solution (wt. 2%) to introduce a K2SiO3 layer, and then slowly wedge 
the sample into diluted HF solution (wt. 1%) with an entrance angle of ~30° (Fig. 2-
15(a)).[19-20] As the K2SiO3 layer dissolves in HF, the metal nanomesh detaches from the 
hydrophobic Si surface, and floats on the solution (Fig. 2-15(b)). Lifting the floating 
metal mesh with a target substrate from the water side will form a water membrane 
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between metal nanomesh and the substrate, and this might further lead to the formation of 
wrinkles or folds during drying (graphene flakes transferred by this method often have 
wrinkles). To avoid damage or deformation, the substrate should not contact water. We 
use the substrate to contact the metal nanomesh from the air side (Fig. 2-15(c) and (d)). 
Our experimental results show that this simple method is effective, capable of 
transferring metal nanomeshes onto hydrophobic or hydrophilic substrate (exemplified by 
PDMS and metal, respectively) without any damage or deformation. 
Morphology of the samples was taken by using a JEOL 6340F and a Hitachi S-4800 
scanning electron microscope. Topographic images were taken with a Veeco D-3100 
atomic force microscope. Reflectance spectra were recorded with an integrating sphere 
spectrometer (Ocean Optics, USB4000 VIS-NIR-ES, ISP-REF) in the wavelength range 
from 400 to 1000 nm. Sheet resistance was measured by using the van der Pauw method, 
with four electrodes at four corners of a square of the sample and recorded with a 
Keithley 2400 meter and an Agilent 34401A meter.  
32 
 
 
Figure 2-16 Stretchability, resistance and transmittance of nanomeshes. (a) electrical 
resistance as a function of tensile strain. R/R0 of Au nanomesh with a mesh-size to line-
width ratio (M/W) of 18 is only 13.3 as the sample is stretched to a strain of 160%. The 
Au nanomesh sample with a lower M/W of 8 presents worse flexibility (b) sheet 
resistance (Rs) as a function of tensile strain for Au nanomeshes. The sample with an 
M/W ratio of 18 shows a Rs/Rs0 (Rs0 is original sheet resistance) of only 3.2 when it is 
stretched to 160%; and Rs is even lower than Rs0 below 80%. The sample with M/W of 8 
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reveals a higher sheet resistance change, which achieves 12.3 at a strain of 140% (c) 
stretching a sheet of paper containing an array of slits (d) resistance change versus cycles 
(up to 1000 cycles) of the Au nanomesh. The sample does not experience obvious fatigue 
at 50% strain. However, R/R0 significantly changes at 100% strain (e) In the wavelength 
range of 400-1000 nm, the Au nanomesh presents a transmittance of 82.5%, close to the 
simulated result (~75.0%). The transmittance of the Au nanomesh becomes larger after 
stretching (it changes from 82.5% to 85.0% with strain changes from 0 to 80%). (f) R/R0 
as a function of  ending cycles. The sample is  ent to a “V” shape (inset) so that the 
bending radius is far smaller than 1mm (the Au nanomesh is on the top side). After 500 
cycles of bending, R/R0 has an acceptable increase to 1.9. 
 
The Au nanomeshes have excellent electrical conductivity. For a 40 nm thick Au 
nanomesh with a mesh size of ~700 nm and a line-width of ~90 nm, the sheet resistance 
is ~  Ω/□. This is lower than that of carbon nanotube-and graphene-based transparent 
electrodes (> 100 Ω/□),[21] commercial ITO films (15-50 Ω/□), and solution processed Au 
nanomeshes (> 400 Ω/□),[22] and comparable to Ag nanonetworks with similar features 
made by electron beam lithography which does not have contact junction problem.[23] The 
low resistance should be related to the absence of high junction resistance between the 
wires, which is a problem for solution processed Ag nanomeshes. The electrical 
conductivity of the nanomeshes can be well tuned to a much higher level by making the 
nanomesh line width larger and/or film thicker.  
Stretching experiment was conducted with a home-made setup, and meanwhile the 
resistance was measured by a two-probe method. Au has excellent ductility, and hence 
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was used for ultra-thin foils in ancient times; and a recent work confirmed the 
superplasticity of Au nanowires.[24]  Fig. 2-16(a) plots the dependences of resistance 
change (R/R0, where R and R0 are resistances of stretched and non-stretched nanomeshes, 
respectively) on tensile strain (ε) for Au nanomeshes supported on poly(dimethylsiloxane) 
substrate (PDMS, ~1 mm thick). R/R0 of the Au nanomesh is only ~3.8 at a strain of 
100%, and it increases to 13.3 at an ultra-high strain of 160%. This result is even better 
than that of the Ag nanomesh made of dense “very long Ag nanowires”, for which 
resistance sharply increases as stretched to 90% deformation.[25-26] The sheet resistance 
(Rs) of the stretched Au nanomesh, is even smaller than the original sheet resistance (Rs0) 
until it is stretched to 80%. This means that the Au nanomesh is even “more conductive” 
at relatively low strains. This improvement is related to that at relatively low strains, the 
Au nanomesh experiences quite large deformation but small damage. It shows that Rs/Rs0 
is only 3.2 as strain goes to 160%. We found that the ratio of mesh-size to line-width 
(M/W) could significantly affect the flexibility of the Au nanomeshes. Fig. 2-16(a) and 
(b) show data of two Au nanomeshes with M/W of 18 and 8, respectively. At large 
strains, the sample with larger M/W presents much lower R/R0 and Rs/Rs0 values. This 
observation can be understood by a simple demonstration: a sheet of paper cut with more 
closely spaced slits (larger M/W) is more stretchable (Fig. 2-16(c)). It is interesting that 
R/R0 returns to a lower value of less than 2 after releasing of the stress, probably because 
of the re-contact and cold welding of fractured nanowire where necking happened. This is 
evidenced by the fact that it takes time for R (after releasing the stress) to get stabilized. 
Au could not be oxidized in air so that no oxide skin will be formed, and this makes cold 
welding possible. 
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Figure 2-17 SEM images of Au nanomesh released from (a) 160% strain, and (b) 
unstretched Au nanomesh, respectively. 
 
Fig. 2-17 shows that released Au nanomesh has morphology quite similar to non-
stretched sample, without large cracks, indicating re-contact and cold-welding are there. 
The low R (after releasing the stress) is significant because it means even when the Au 
nanomesh is over stretched it can still be partially recovered. Au nanomeshes also 
perform well under cyclic strain (Fig. 2-16(c)). The sample does not experience obvious 
fatigue at 50% tensile strain. In comparison, R/R0 significantly changes at 100% strain 
after 1000 cycles. However, change of the resistance after releasing load is modest, even 
for the sample stretched at 100% strain for 1000 cycles (R/R0 slightly changes from 1.15 
to 1.21). We also performed cyclic  ending experiments. A Au nanomesh  e nded to ‘V’ 
shape with a bending radius far smaller than 1 mm only has a R/R0 of 1.9 after 500 cycles 
of bending (Fig. 2-16(f)). Keeping good electrical conductivity with bending radius on 
submillimeter scale is highly desired in foldable electronics. 
36 
 
 
Figure 2-18 Delocalized rupture and formation of nested self-similar mesh. (a) A sheet of 
paper is laser-cut using the magnified image of Au nanomesh. The left image shows 
without any cutting. The middle image shows the stretching of the structure after cutting 
a few ligaments. The right image shows the stretching of the structure after cutting more 
ligaments. (b) Au nanomesh/PDMS stretched at strains of 50%, 100% and 150%, 
showing that cracks (filled with purple) are formed and the crack size increases with 
increasing strain. The double headed arrow indicates tensile direction. Under large strains 
of 100% and 150%, a larger mesh is formed, for which the cracks act as the holes (purple) 
while the non-cracked Au networks and wires act as larger ligaments (dark grey). (c) 
Atomic force microscopy images of unstretched and stretched Au nanomesh supported 
on PDMS, showing that the latter has a relief height up to 200 nm. (d) Straight nanowires 
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and elongated meshes (exemplified by the mesh in green in the inset) are seen in strained 
Au nanomesh (at a strain of 150%). Scale bar in the inset is 500 nm.  
 
We studied the recovery of the Au nanomesh which was initially stretched to a 
large strain. Cyclic compression, bending, or stretching at small strains (less than 20%) 
could lead to significant decrease of resistance. Stretch at a modest strain (20%-40%) can 
decrease resistance compared with the first several cycles, and larger stretch (60% or 
larger) only has a damage effect. In common sense, stretch often damage flexible 
electrodes. However, our result demonstrates that cyclic stretch or compression at modest 
strains helps to recover the damage caused by the initial one time extreme stretching up 
to 180%. The large stretchability of the Au mesh on the PDMS substrate results from two 
aspects of the structure. First, the Au mesh is a two-dimensional network of curved wires 
of a hard material. When stretch is small, the mesh deforms within the plane. When 
stretch is large, however, the planar deformation is unstable, and the wires bend and twist 
out of the plane.[27] It is the out-of-plane deformation that enables the mesh to stretch 
greatly, as illustrated by a sheet of paper cut with an array of slits (Fig. 2-18(c)). The 
larger the length-to-width ratio of the wires, the more stretchable is the sheet. Second, the 
Au mesh is adherent to the PDMS substrate.  Because the elastic modulus of Au is about 
five-order-of-magnitude larger than that of PDMS, the substrate readily accommodates 
the out-of-plane deflection of the mesh. The PDMS substrate, however, serves a 
significant function: it delocalizes the rupture of Au ligaments. To illustrate this function, 
we laser-cut a sheet of paper using a magnified image of the Au mesh (Fig. 2-18(a)). The 
size of the paper ligaments is about ten thousand times the Au wires. The paper mesh can 
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only be stretched about 20%, and then ruptures into two halves. Once we use scissors to 
cut some ligaments, the mesh behaves in a similar way as the sheet containing long, 
closely-spaced slits, and becomes much more stretchable. This demonstration illustrates a 
principle: if the mesh could break ligaments here and there gradually, it would be 
stretched greatly. In a freestanding mesh, however, once a long slit forms, the stress 
concentrates in the ligament at a tip of the slit, so that this ligament will break, and the 
localized damage will rupture the mesh into two halves.  By contrast, for a mesh on a soft 
substrate, the substrate stabilizes any large slit, and allows ligaments elsewhere to rupture. 
This delocalized rupture in a mesh on a soft substrate is reminiscent of that in a metal 
film on a polymer substrate,[28-29] and of that in highly stretchable and tough hydrogels.[30-
31] This mechanism ensures that the Au nanomesh on PDMS will still be conductive even 
stretched to strains beyond 160%.  
Our experimental results with nanomeshes support these ideas. We observe the 
evolution of distributed pockets in SEM images (Fig. 2-18(b)). Our AFM image shows 
the presence of out-of-plane deformation (Fig. 2-18(c)), and the magnitude of out-of-
plane deformation is on the order of the ligament width as is predicted in theoretical 
calculations. [27] The resistance goes up steadily at large strain (Fig. 2-16(a) and (b)). At 
small strain, the stretch of each ligaments and the deformation of each mesh pore can also 
contribute to the stretchability, so only at large strain does our foregoing mechanism 
shows dominating effect. Elongation of the mesh pores still contribute to the 
stretchability at large strain (Fig. 2-18(d)). It is interesting that under large strains of 100% 
and 150% a larger mesh is formed (because the substrate delocalizes the rapture of Au 
nanomesh), for which the cracks act as the holes while the non-cracked Au networks act 
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as larger ligaments (Fig. 2-16c). The larger mesh is quite similar to the original nanomesh 
and this allows the electrode behaves like the case at small strains, and therefore it can be 
further stretched to larger strains while remain electrically conductive before failure of 
the substrate. 
The Au nanomesh also presents good thermal stability. Metals of Ag and Cu 
nanomeshes are prone to oxidation, so that their nanomeshes tend to have a deterioration 
of electrical and optical properties. For example, solution processed Ag nanomeshes have 
a dramatic decrease of conductivity when annealed at 200 °C or higher for more than 20 
min. Cu nanowires are severely oxidized even at room temperature without protection for 
days. In comparison, Au nanomeshes do not have this oxidation problem and can work at 
temperatures up to 500 °C for 1 h, and their electrical conductivity can even be improved 
with thermal annealing. Of course, Au is more expensive, but the price is affordable 
when the nanomesh is thin, and the material actually contributes only a small portion of 
the total cost in thin film technology. In addition, compared to metal nanomeshes made of 
solution processed metal nanowires, which are quite rough, our metal nanomeshes are 
more compatible to lithographic process and are possibly used to make microcircuit with 
a feature size of several microns, which is unavailable by using solution processed Ag 
nanowire networks. 
Other than having a suspended metallic film, one variation of the above technique 
can also be used to generate conductive black silicon surface, assisted by silver nano-
network Etching. In this technique, the silicon wafers the metallic nanomeshes are rinsed 
in preblended solution of 0.6% H2O2 and 10% HF for catalytic etching. The In2O3 grains 
are finally removed by either ultrasonication or uniform wiping with wet lens paper (Fig. 
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2-19). The resulting silicon surface is dark in color and has very good electrical 
conductivity (Fig. 2-20). 
 
Figure 2-19 (a) Schematic illustration of the fabrication of CBSS. (1) Deposition of 
In/SiO2 bilayer on a Si wafer. (2) Gap formation by etching in diluted HNO3. (3) 
Passivation of In islands. (4) Undercut formation by rinsing in diluted HF. (5) Deposition 
of Ag fi lm, leading to the formation of a Ag nanonetwork in the grooves. (6) Catalytic 
etching, during which the Ag nanonetwork digs into Si wafer and In2O3 grains get 
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removed. (b)-(e) SEM images corresponding to steps (1), (2), (5) and (6). The arrows in 
panels (d) and (e) indicate the Ag nanonetwork. 
 
 
Figure 2-20 (a) Reflectance spectra of different samples: (1) Ag network on flat Si; (2) 
bare Si wafer; (3) Ag network on crest of pyramidally textured Si; (4) Ag network 
embedded in Si; and (5) Ag network embedded in Si (with ARC). Insets are SEM images 
of samples corresponding to (1), (3) and (4). 
 
2.4.2 Crack templates for random network 
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Random metallic networks can also be generated by using suitable templates other 
than the grains in discontinuous In films. [32] Several examples are given in this section, 
including cracks in TiO2 films and CA 600 and gelatin films. 
1. TiO2 films 
A typical sol-gel method has been used to synthesize microcrystalline TiO2 
suspension. The general process is as follows: A solution of Tetrabutyl titanate (99.9%, 
Kermel, China) and ethanol was prepared and added to the solution of acetic acid (99%, 
Kermel, China), ethanol, and diluted water under continuous stirring (1000 r/min). The 
solution gelled in 30 min. The stirring was stopped after the color of gel changed from 
light yellow to white for 1–2 h. The typical TiO2 microcrystalline grain size is ~100 nm. 
Spin coating (Spin coater, Laurell, USA) is used to deposit as-prepared TiO2 film on 
substrates. One set of samples, with the averaged wire width of 0.5–2 μm and pitch of 5–
200 μm, was o taine d  y varying the spin coating speed and su s equently different 
thickness of TiO2 film. The prepared substrates with TiO2 film were dried in air 
(temperature range of 25~50 °C). After several minutes, the self-cracking happened.  
2. CA 600 and gelatin films. 
A Chemat Technology spin coater (Chemat Technology Inc. USA) was employed 
to spin-coat a layer of Lubrizol Carboset CA 600, an acrylic, self-crosslinking emulsion, 
onto glass slides. The slides were flooded with the emulsion, and then spun at 600 rpm 
for 15 seconds, followed by a varied second stage.  Times were varied between 15 and 50 
seconds, and the speed at 1000 to 2000 rpm. The films were dried in air at 25 °C for 5 
minutes.  As expected, higher speeds and longer times resulted in thinner depositions, 
which created finer structure (i.e., more cracks) than those made at lower speed and 
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shorter times.  Additional tests, made by spin-coating a gelatin, resulted in similar crack 
networks. 
Thermal evaporation (SKY Vacuum Technology Company, China), and sputtering 
(AJA International. ATC Orion 8, USA) were used to deposit Ag film, whereas ITO film 
was deposited by sputtering. The thickness of Ag film and ITO is about ~60 nm and ~150 
nm, respectively. A photolithograph method was used to selectively remove and pattern 
the as-prepared Ag networks on glass substrate, which is necessary for touch-screen 
display applications. A layer of negative photoresist (BN302-60) was spin-coated on the 
substrate with Ag networks, and subsequently followed by illuminating, developing, and 
baking. The silver film was etched in concentrated nitric acid (AR, Damao, China) for 1–
2 min, followed by deionized water rinse three times. The as-prepared patterned fragment 
of the Ag networks has width and separation ~50 μm. These dimensions (patterned 
fragment width and separation) can  e  easily varied from 1 to 100 μm with the choice of 
photoresist mask. 
The morphologies of samples were characterized by a commercial SEM system 
(JEOL JCM-5700, Tokyo, Japan), a commercial optical microscope (MA 2002, 
Chongqing Optical & Electrical Instrument Co., Ltd). Sheet resistance of samples was 
measured by two methods: one is the van der Pauw method, with four electrodes at four 
corners of a square (2 cm × 2 cm) of the sample and recorded with a Keithley 2400 
Sourcemeter, the other is a simple setup of the two-probe electrical measurement (two 
fine silver paste lines (2 cm in length, 2 cm in separation) are brushed on samples), which 
was used to measure Ag network samples on PET substrates during bending. The sheet 
resistance is recorded or calculated accordingly in the above two methods. The optical 
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transmittance was measured by integrating sphere transmittance system (Ocean Optics, 
USA). In this paper, all transmittance presented is the normalized value to the absolute 
transmittance through the substrate (glass or PET). 
 
Figure 2-21. Schematic process of metallic network fabrication. The resulted structures 
of Gel film, cracks and network are shown on the right. 
 
Fig. 2-21 schematically shows the processes of metallic network fabrication, which 
mainly includes four steps: synthesis and deposition of TiO2 film (as a crack material), 
self-cracking, metallic film deposition, and template film lift-off. The resulted individual 
schematic images of Gel film, cracks and metallic network are also shown on the right 
panels.  
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An oxide gel of microcrystalline TiO2 solution was spin-coated on a substrate of 
either glass, or poly(ethylene terephthalate) (PET). The microcrystalline TiO2 solution 
was synthesized by a normal sol-gel method.[33] In many previous applications, TiO2 has 
been used as a semiconductor layer for dye-sensitized solar cells,[34-35] gas sensors,[36-37] 
etc., but, cracks and delamination often develop during thermal treatments,[38] and the 
mechanism of crack formation has been detailed elsewhere.[39-40] Here, we take advantage 
of this normally unwanted cracking phenomenon to form a template for the subsequent 
metal deposition. We optimize the microcrystalline cracking effect by low-temperature 
thermal processing. In addition, we have shown that similarly cracked networks can be 
achieved with other media, such as the inexpensive Lubrizol Carboset (CA 600) acrylic 
emulsion, or even with inexpensive and environmentally friendly gelatin (Fig. 2-22(d) 
shows as an example of an optical image of a cracked CA 600 film). Subsequently, metal 
deposition was processed, followed by TiO2 lift-off, leaving the Ag network pattern 
shown in Fig. 2-21 (la eled “metallic network”). We used two different techniques for 
silver deposition: thermal evaporation and sputtering. Lift-off is performed by a soft 
mechanical wiping, followed by 1 min ultrasonication in ethanol. We have obtained 
different Ag network samples with different averaged pitch (varying from 5 to 200 μm) 
(la e led as “w” hereafter) and different averaged wire width (varying from 0.5 to 2 μm) 
(la e led as “d” hereafter). These parameters are controlla le with spin coating speed, 
cracking temperature, etc. 
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Figure 2-22. Optical microscope images of Ag network on a flexible PET substrate (a) 
and on a glass substrate (b). The inset in (a) shows a photograph of the Ag network 
structure on a bent PET substrate, 4 cm x 2 cm in size. The inset in (b) shows a 
photograph of the Ag network structure on a glass substrate, 3 cm x 2 cm in size. (c) 
Optical microscope image of a photolithographically etched Ag networks, with the width 
of the etched stripes of ~50 μm. (d) Optical microscope image of the “cracked” pattern in 
a CA 600 film. (e) SEM image of Ag network at the tilt angle of ~30º. The green arrow 
points to a leftover of a TiO2 block. (f) SEM image of a lifted-off Ag network on a glass 
substrate. The inset SEM image in (f) indicates the thickness of Ag network is about 60 
nm. The scale bars in (a), (b), (c), and (d) are 50 μm, and those in (e) and (f) are 20 μm. 
 
Fig. 2-22(a) and (b) show the optical microscope images of Ag network on a 
flexible PET and a glass substrate, respectively. The photographs of the Ag network on 
the PET and glass also are shown as the insets in Fig. 2-22(a)-(b). Clearly, the Ag 
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networks on both substrates are mostly transparent. The inset of Fig. 2-22a shows a good 
flexibility of the Ag network which is compatible with flexible PET substrate, important 
for the flexible device applications.[41-43] Approximately, the Ag network on PET shows 
smaller feature than that on glass. In this case, the Ag networks on glass and PET show 
different d ~ 1 μm and ~2 μm, respectively, and the roughly same w ~ 20 μm. Such 
different features result in different sheet resistance and optical transmittance, as 
discussed in the next section. The possible reason for the different morphologies of Ag 
networks on PET and glass can be attributed to the different surface properties. Selective 
removal of a transparent conductive layer from the substrate to create circuit patterns is a 
necessary step for current Ag network application in the flat panel display. Fig. 2-22(c) 
shows that patterned Ag network, with photolithographically defined pattern of stripes of 
~50 μm width and spacing of ~50 μm.[44] Fig. 2-22(d) shows an optical image of an 
alternative, inexpensive crack template, the CA 600 film. Fig. 2-22(e) shows a SEM 
image of the ~ 30º tilted Ag network on glass, with a TiO2 block intentionally left (green 
arrow). To demonstrate the nearly perfect morphology of the network, SEM image of a 
delaminated (with a blade) piece of the Ag network from the glass substrate is shown in 
Fig. 2-22(f). The inset SEM image shows that the thickness of the sputtered Ag network 
is ~60 nm.  
 
2.4.3 Sintered nanoparticles 
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Figure 2-23 Schematic of the procedure to make metallic network by using sintered 
nanoparticles. 
 
Fig. 2-23 shows the schematic of the nanoparticle deposition procedure, which 
involves the drop-coating, a convenient and inexpensive method, extensively used in the 
thin film industry. First, we deposited one or several droplets of the silver ink onto the 
textured surface of a (100) silicon wafer. The nanoparticles will settle into the “valleys” 
between the wafer pyramids (typically ~1.5 microns in height and ~3 microns wide at 
base) within a few minutes. Even though continuous paths of touching nanoparticles 
readily form, an atomically thin insulating PVP shells covering the nanoparticles lead to 
large contact resistance between the nanoparticles, which shows a monotonic decrease 
from 7500 to 3000 / sq  with increasing nanoparticle concentration in the ink from 
0.255 mg/cm2 to 1.02 mg/cm2. In order to remove these insulating PVP shells, and thus to 
improve the electrical conductivity of the nanoparticle chains, we employed microwave 
(MW) radiation to selectively heat and sinter the silver nanoparticles into continuous 
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conducting nanowire networks. We employed a conventional microwave oven, and the 
typical sintering parameters were 80 W of MW power and ~10 second exposure time. [45-
46] 
 
Figure 2-24 XRD pattern of silver network on the surface of silicon wafer, and that of 
the bare silicon wafer. 
 
To demonstrate that the nanoparticles do not oxidize during the sintering process 
performed in air, we have performed an x-ray diffraction study. We used an x-ray 
diffraction system (PANanalytical, X`Pert-Pro MPD PW 3040/60 XRD with Cu-Kα1 
radiation, Netherland) to determine the nanoparticle phase information. The x-ray 
diffraction patterns taken from the silver network after sintering are shown in Figure 2-
24. The peaks can be assigned to diffraction from (111), (200), and (220) planes of silver 
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and the (100) plane of silicon. The absence of the AgO peak demonstrates that the 
nanoparticles have not been oxidized during such a short sintering time.  
 
Figure 2-25 SEM images of the silver nanoparticle networks, before (left column) and 
after (right column) sintering, for three samples with different particle density in the ink: 
Sample 1 (top row), Sample 2 (middle row) and Sample 3 (bottom row). The scale bars 
represent 10 microns. 
 
Fig. 2-25 shows the SEM images of the silver nanoparticles in the valleys around 
the pyramids before and after sintering. The images were taken by a commercial SEM 
system (JEOL JCM-5700, Tokyo, Japan). The nanoparticle packing and networking 
morphology can be controlled by tuning the nanoparticle concentration in the silver ink, 
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the nanoparticle size, and the drop coating process. The results shown in Fig. 2-25 are 
from three samples using different nanoparticle concentrations in the ink. Images for 
different samples are shown in different rows, with images before and after MW sintering 
in the left and right columns, respectively. Sample 1 used the nanoparticle concentration 
of 0.255 mg/cm2, and the corresponding SEM images are shown in Fig. 3a and Fig. 2-
25(b). The magnified image in the inset of Fig. 2-25(b) shows that many silver 
nanoparticles still remain separated after sintering in this case, which explains the rather 
large sheet resistance of 4500 / sq  for this sample after sintering. This changes radically 
in the case of Sample 2, which used nanoparticle concentration of 0.51 mg/cm2, and the 
corresponding images are shown in Fig. 2-25(c)-(d).  In this case, the MW sintering 
results in formation of continuous nanowires, leading to a small sheet resistance of ~15
/ sq . Note that at this nanoparticle density, the shading factor (the metal to silicon 
surface ratio) remains small, similar to that for Sample 1, which leads to low optical 
reflectance of this sample, as demonstrated below. With further increased nanoparticle 
concentration in Sample 3 (1.02 mg/cm2), the sheet resistance after sintering (Fig. 2-
25(f)) becomes even smaller, i.e., only 4.5 / sq , but the shading effect becomes 
significant, which ultimately leads to higher reflectance. Thus the Sample 2, while not yet 
fully optimized, offers the combination of low resistance and reflectance needed for a 
good metallic anti-reflection coating. 
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Chapter 3 Single layer of perforated metallic films 
 
Since the discovery of the extraordinary optical transmission (EOT), nano-optics of 
single metallic films perforated with subwavelength holes has been well studied. The 
focus of this chapter is a single metallic film with different periodic and aperiodic 
perforations. The samples under study in this chapter are prepared using techniques 
introduced in Chapter 2, including shallow angle nanosphere lithography (Section 3.1.1), 
nanosphere lithography (Section 3.1.2 and Section 3.1.3), grain boundary lithography 
(Section 3.2.1), and crack temples (Section 3.2.2). The study of random networks in 
Section 3.2.2 was mainly performed in collaboration with South China Normal 
University. 
 
3.1 Metallic films with periodic perforation arrays 
 
3.1.1 Nanoribbon gratings 
 
Interaction of gratings with the electromagnetic radiation has been studied 
extensively since 1902. [1] Classically, subwavelength metallic gratings are polarizers of 
the transmitted waves; a wave with electric field polarized perpendicular to the grating 
lines passes through the grating with little back reflection. In turn, a wave polarized 
parallel to the lines is strongly back reflected. This follows from simple boundary 
conditions at the perfect metal surface: parallel to the metal surface component of the 
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electric field must vanish, but the perpendicular one does not. Perfect metal is not 
required, but rather that the ratio of the penetration depth to the wavelength vanishes, 
which occurs for sufficiently small frequencies even for metals with finite conductivity. 
Thus, the wave polarized parallel to the grating lines cannot pass, since it would have to 
have wavelength λ =2d/n (where d is the inter-line distance, and n = 1,2,3..), in order to 
assure the vanishing field nodes at the metal surfaces of the neighboring grating lines. 
This cannot happen, since in the subwavelength limit λ >>d. In the optical range, most 
metals (e.g. Au, Ag) cannot be considered as perfect, and thus the above analysis is no 
longer valid. In this range, some metals can support various plasmonic oscillations, 
including the surface plasmon polariton (SPP). [2] 
 
Figure 3-1 SEM image of the nanoribbon grating obtained with the initial PS diameter of 
440 nm. 
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Figure 3-2 (a) Transmittance maps for Au nanoribbon gratings at perpendicular 
incidence, versus wavelength λ and for various polarization angles α. The left panel 
shows the experimental result, and the corresponding right panel, the simulation. (b)  
colour maps of the electric field component perpendicular to the Au ribbons, induced by 
an external electromagnetic wave of wavelength 545 nm (top panel) and 800 nm (bottom 
panel) polarized also perpendicular to the nanoribbons (α = 0). The “snapshots” of the 
fields are taken for three times t = 0, t = T/4 and t = T/2, where T is the wave period. 
 
In this subsection, the optical transmission in the visible and infrared frequency 
ranges through the Au and Fe nanoribbon gratings made by small angle nanosphere 
lithography (SANSL) are studied, with the SEM image shown in Fig. 3-1.[3] At low 
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frequencies (large wavelength λ) the gratings act as classic polarizers, as expected. For 
the non-plasmonic Fe ribbons, this behavior extends into the visible range. For the 
plasmonic Au ribbons, on the other hand, the tendency reverses in the visible range, with 
minimum transmission at λ = 600 nm for the perpendicular polarization. We show that 
this effect is due to excitation of a plasmonic dispersionless mode, with induced charges 
oscillating perpendicular to the wire axis in each wire. Fig. 3-2(a) and Fig. 3-3(a) show 
color maps of the transmittance T (experiment on the left and simulations on the right by 
CST MWS) for the Au and Fe nanoribbon gratings respectively, at perpendicular 
incidence versus wavelength λ, and for various polarization angles α, i.e. angles between 
the electric field of the incoming wave, and the line perpendicular to the grating lines 
(nanoribbons). The simulated results are in good agreement with the corresponding 
experimental results. Clearly for large λ, for both Au and Fe gratings, the transmittance is 
large (blue color) when the incoming wave is polarized perpendicular to the grating lines, 
i.e. for α = 0, and 180°, and it is minimized at α =90°. This is the classical polarizer 
action of a grating. For the Fe nanoribbons (Fig. 3-3(a)) this effect continues for 
decreasing λ. For Au nanoribbon grating, on the other hand (Fig. 3-2(a)), with decreasing 
λ, this tendency becomes first less pronounced, and then at around λ = 600 nm it is 
completely reversed, with minimized T for α= 0, 180°, and with maximum T for α= 90°. 
This is the anomalous polarizer effect, due to excitation of the plasmon mode in Au 
nanoribbons. This plasmon mode is an analog of one of two possible plasmon modes in 
metallic nanorods.[4-6] One represents the electron charge “sloshing” perpendicular to the 
rod axis, and the second one, corresponds to the electron charge “sloshing” along the rod. 
The resonant frequencies are approximately given by the curvature of the parabolic single 
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electron confining potential in a given direction. Thus, the high-frequency peak is given 
by the perpendicular confinement, which produces largest confinement curvature, and 
thus large, non-dispersive and non-retarded Mie resonant frequency.[4] For Au it is well 
known to be located at λ ~ 600 nm. Along the rod, the curvature gets progressively 
smaller with the increasing rod length, and so it is renormalized to zero for an infinitely 
long wire.  
 
Figure 3-3 (a)Transmittance maps for Fe nanoribbon gratings at perpendicular incidence, 
versus wavelength λ and for various polarization angles α. The left panel shows the 
experimental result, and the corresponding right panel, the simulation. (b) Color maps of 
the electric field component perpendicular to the Fe ribbons, induced by an external 
electromagnetic wave of wavelength 545 nm (top panel) and 800 nm (bottom panel) 
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polarized also perpendicular to the nanoribbons (α=0). The “snapshots” of the fields are 
taken for three times t = 0, t = T/4 and t = T/2, where T is the wave period. 
 
Investigations of the optical properties were carried out with an UV-VIS-NIR 
spectrometer (Varian, Carry 5000) between 200 and 2500 nm. The spectrometer is 
equipped with home build sample holder, which enabled to change the sample rotation 
angle α. The sample can thus be rotated around the surface normal to change the angle 
between the light polarization and the nanostructure. The influence of the sapphire 
substrate was eliminated by taking the spectrum of the bare substrate as a reference. 
To confirm this interpretation, we have performed simulations of the electric field at 
the ribbons, at various points on the spectrum. Fig. 3-2(b) and Fig. 3-3(b) show color 
maps of the electric field component perpendicular to the Au and Fe ribbons respectively, 
induced by an external electromagnetic wave polarized also perpendicular to the wires 
(α= 0). The color intensity scales with the field strength, and the color change from 
“warm” colors to “cold” colors represents field direction change. The zero field is 
represented  y the green color. The “snapshots” of the fields are taken for three times t = 
0, t = T/4 and t = T/2, where T is the wave period. For the wavelength of λ=800 nm the 
field inside the Au and Fe ribbons is essentially zero, and thus the wave propagation 
occurs in-between ribbons. There is also a minimal back reflection of the incoming wave. 
The strong enhancement of the electric field, seen at the ribbon sides is the well-known 
“lightning rod” effect (concentration of electric field at sharp metallic edges or tips). This 
is the normal grating effect, and it persists for λ=545 nm in the Fe ribbons as well (Fig. 3-
3(b)). However, in the Au ribbons the situation is strikingly different for λ=545 nm (Fig. 
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3-2(b)), which corresponds to the anomalous, reverse polarizer effect region of the 
spectrum of Fig. 3-2(a). Now, there is a strong field, essentially uniform, present inside 
the ribbon (red arrow symbolizes its direction). This field is generated by the electron gas 
in the ri  on uniformly (rigidly) shifting (or “sloshing”) in the direction of the applied 
field, in the agreement with the Mie plasmon picture. In fact, in this case the wave 
propagates through the ribbon (not through the spaces in-between), as indicted by the 
predominantly green color (zero field) outside the ribbon. This through-ribbon 
propagation is obviously less efficient, and thus transmission has a minimum at this 
frequency. Thus, the simulations are fully consistent with the proposed interpretation. 
 
3.1.2 Hexagonal arrays of holes in metallic films[7] 
 
The extraordinary optical transmittance (EOT) is extraordinary for two reasons. 
First, EOT occurs even when the perforation dimensions are much smaller than the light 
wavelength, which seemingly violates conventional wave optics.[8] Second, the fraction 
of light transmitted exceeds fraction of surface area covered by perforation. This 
indicates that light falling on the metallic surface in-between perforations is channeled 
through neighboring perforations. EOT can be mediated by the surface plasmon 
polaritons (SPP) coupled to the external radiation via grating effect (Umklapp).[9] 
However, it was demonstrated that this mechanism cannot explain EOT in some cases of 
perforated films with complex perforation geometries. Instead, in this case 
subwavelength perforated metallic film (SPMF) can be considered as an effective 
plasmonic medium, which consists of an array of parallel waveguides (perforations), and 
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its effective dielectric function has (in the simplest model) the plasma Drude form 
     
  
 
  
 (Eq. (1.3)), with the plasma frequency        √  , where c is the speed 
of light in vacuum, a is the perforation size, and    is the dielectric constant of the 
background.[10-11] In this effective medium picture, EOT is the induced transparency of 
the “plasma” a ove  the effective plasma frequency ωp. In another effective medium 
approach, the dielectric function of SPMF can be quantitatively estimated by first 
considering its Babinet complementary pattern (an array of isolated metallic islands), and 
then transforming it back to the perforation array. [12-13] It was shown, that this method is 
equivalent to the parallel waveguide approach.[4,10,11] Here we demonstrate an aspect of 
EOT not mentioned before: the SPMF deposited on a substrate with sufficiently large 
permittivity develops a broad-band frequency window, where the transmittance of light 
into the substrate becomes essentially equal to that without the film. 
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Figure 3-4 (a) Schematic of the model structures (b) Sketch of a typical effective 
dielectric function εf versus frequency, for a typical (lossless) SPMF model, given by Eq. 
(4). (c) Sketch of the normalized transmittance τ versus frequency, for a SPMF model 
with dielectric losses included. The shaded regions represent the condition (3), and thus 
approximate locations of the EOT windows. Note that the “ r oadest” EOT window 
occurs for ω> ωN.  
 
A simple model captures the main features of this effect, and illustrates the 
importance of large dielectric constant of the substrate. Consider first a planar dielectric 
film with thickness tf << λ (wavelength in vacuum) and the dielectric constant εf, 
deposited at a planar interface between vacuum and an infinitely thick substrate with the 
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dielectric constant εsub (Fig. 3-4(a)). For simplicity, we assume here that all dielectrics are 
lossless, and that all electromagnetic waves propagate perpendicular to the interfaces. 
The relative change in transmittance into the substrate due to the presence of the film 
is[14-16] 
  
 
  
 
 
   
                                                                
where T and T0 are the transmittances into the substrate with and without the dielectric 
film, respectively (Fig. 3-4(a)), and 
  
 (    )(       )
(  √    )
  
   
 
                                              
Note that, if 
                                                                                   
α is positive and thus τ is greater than 1. This implies T > T0, i.e., that the presence of the 
film actually improves the transparency. This is the well-known effect of the dielectric 
constant grading (DCG) in dielectric film stacks, employed often to improve wave 
propagation through interfaces between media with large dielectric constant contrast. 
Here, T > T0 implies also R < R0, and so DCG acts somewhat similar to the anti-
reflection coating (ARC). However, in contrast to ARC, it is not a result of a destructive 
interference, which normally requires tf to be of order λ, to match the phase. Note, that 
unless εf is singular, α which is of the order of (tf/λ)
2 is small, and thus τ ≈ 1. To continue 
with model calculations, we now assume that SPMF can be treated as the simple 
dielectric film of Fig. 3-4(a), but with a frequency dependent εf. This indeed is 
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possible,[12,17] and for lossless SPMF this effective dielectric function is like the Lorentz-
Drude model (Eq. (1.2)) 
         ∑
  
  
    
 
   
                                                   
where εb is the background dielectric constant, ωi are the plasmonic resonant frequencies, 
and Ai are the oscillator strengths. The resonance with highest frequency occurs for ω = 
ωN. A sketch of εf vs ω is shown in Fig. 3-4(b). In contrast to the case of a simple 
dielectric, here εf diverges near the poles (plasmonic resonances), and consequently so 
does α (Eq. (3.2)). As a result, τ is expected to approach zero at the poles, but can be 
large in-between the resonances in the EOT windows, approximately given by the DCG 
condition (Eq. (3.3)), and shown as the shaded areas in Fig. 3-4(b) and (c).  
Fig. 3-4c shows a sketch of τ for this model structure, but with losses included. This 
can be accomplished by simply allowing the dielectric constants to become complex in 
the analysis above. In this case, Eq. (3.4) must be modified by replacing ω2 with ω(ω + i 
γ), where γ is the loss factor. The resulting equations lose their simplicity, but the main 
effect of the losses is simply to smooth-out the singularities, and reduce τ. Also, even 
though Eq. (3.3) is no longer valid, it can still be used (with real parts of εf and εsub) as a 
rough guide of the EOT window location; note that the shaded areas coincide with the 
maxima of 

  in Fig. 3-4(c). Fig. 3-4(c) confirms qualitatively all conclusions, which can 
be drawn from Fig. 3-4(b). In particular it is clear, that the EOT windows have different 
widths, but that the widest is the one for frequencies higher than ωN (highest plasmonic 
resonance). Thus, if maximum width of the EOT window is desired, all plasmonic 
resonances must be engineered to occur below the required frequency window. This 
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engineering can be achieved by changing the film geometry (e.g., perforation shapes and 
dimensions, period, thickness) and material (e.g., Ag, Au, Al), as well as by choosing the 
dielectric environment of the SPMF (e.g., εsub). Of particular importance is the effect of 
εsub. Firstly, it is clear from Eq. (3.3) that εsub directly controls the width of the EOT 
window, which linearly increases with εsub. Secondly, increasing εsub reduces the 
frequencies all plasmonic resonances, since it increases the dielectric constant of the 
environment εenv of the electrons in SPMF, and all the resonance frequencies scale as 
  √    . 
 
Figure 3-5 (a) FDTD simulated (solid curves) and measured (solid squares) normalized 
transmittance τ of three SPMFs, each with a hexagonal array of holes: color cyan - (a = 
460 nm, l = 756 nm, tf  = 50 nm) gold film on a sapphire substrate; color orange - (a = 
196 nm, l = 400 nm, tf  = 50 nm) silver film on a glass substrate;
[22] color black - (a = 420 
68 
 
nm, l = 470 nm, tf  = 50 nm) silver film on a c-Si substrate. (b) SEM image of the silver 
SPMF on an ultra-thin c-Si substrate. 
 
To verify the above conclusions, we have developed a series of samples containing 
various SPMF structures, involving different metals as well as transparent and opaque 
substrates. Subsequently, a series of experiments of optical transmittance have been 
performed, as well as corresponding simulations, based on the FDTD method. The 
SPMFs were made by applying the nanosphere lithography introduced in Chapter 2.[18-19] 
In the FDTD simulation, metallic films with hexagonal hole arrays of different radii were 
positioned on semi-infinite substrates. Power fluxes were monitored at the 
SPMF/substrate interface to determine the transmittance into the substrate at each 
wavelength. Perfectly matched layer boundary conditions were used in the vertical 
direction to prevent unphysical scattering at the edge of the simulation unit cell. Periodic 
boundary conditions were applied to in-plane dimensions of the unit cell to simulate the 
infinite large films. Published experimental data were used for all dielectric functions.[20-
21] The results for all these samples confirm the conclusions above, and we show here 
selected experimental-simulation results, which demonstrate this. The first result shown 
is for a structure with SPMF with hexagonal array of circular perforations (a = 460 nm 
diameter, the spacing between holes l = 756 nm) made in 50 nm thick gold film on a 
sapphire substrate (εsub = 3). The transmittance of sapphire and the gold SPMF on it were 
recorded from far field measurements in Perkin Elmer photo-spectrometer with an 
incident angle of 0° in respect to the normal of the surface. The measured, normalized 
transmittance τ for this structure is shown by cyan-solid squares in Fig. 3-5(a). The 
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corresponding FDTD simulation is represented by the cyan-solid curve, and is in 
excellent agreement with the experiment. The pronounced peak at 0.9 eV corresponds to 
the first EOT window in the vicinity of the longitudinal plasmon (where εf is vanishing). 
The deep minimum at 1.1 eV, on the other hand, represents the trapped plasmonic 
resonance at ω1. To show the universality of the transmittance properties (including the 
line-shape), we present in Fig. 3-5(a) also the result taken from the Reference [22], for 
SPMF with similar hexagonal array of circular perforations in 50 nm silver film on glass 
(εsub = 2.3), with similar spacing between holes (l = 400 nm), but with very small 
perforations (a = 196 nm). The strongly reduced diameter of the perforations (holes) 
leads to increased frequency of all resonances, which scale roughly as 1/a. In particular, 
the ω1 plasmonic resonance (minimum of τ) occurs now at ~ 2.2 eV, i.e. approximately 
by a factor of 2 higher, than the resonance for the gold SPMF (cyan-solid squares and 
line), in agreement with the expected scaling. The experimental result is again in 
agreement with the FDTD simulation. Since this is the first EOT window, it is necessarily 
narrow (comparable to the gold SPMF case), as expected.  
To engineer a much broader EOT window, we have designed a SPMF structure, 
again with a hexagonal array of circular perforations in 50 nm silver film, with a = 420 
nm and l = 470, but deposited on a crystalline silicon (c-Si) substrate, which has a very 
large dielectric constant (εsub  ≈ 16). FDTD simulations for this structure, shown in Fig. 3-
5(a) as black-solid curve, confirm that in this case the EOT window is very broad (with τ > 
0.7 in 1.5 eV < ħω < 3 eV). This is expected, since with the very large εsub, all plasmonic 
resonances are strongly renormalized below 1.5 eV, and thus the range shown represents 
the last (and thus very broad) EOT window for  ω > ωN.  
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To demonstrate this very broad EOT window experimentally, an ultra-thin substrate 
is required to allow for a direct measurement of the transmittance. Accordingly, we have 
deposited SPMF with the designed geometry (as in the simulations above) on an ultra-
thin c-Si su s trate, of only 5 μm thickness (p-type c-Si wafer, double side polished to true 
mirror quality, University Wafer). The SEM image of this structure is shown in Fig. 3-
5(b). Such an ultra-thin c-Si substrate remains transparent in a large frequency range of 
the visible spectrum, allowing the direct measurements. The transmittance of the ultra-
thin silicon and SPMF on it was measured with the EQE system QE-PV-Si, Oriel, 
Newport, USA. The results are shown in Fig. 3-5(a) as the black-solid squares. In spite of 
a relatively large scatter of the data at high frequencies, due to the reduced transmission 
signal through the substrate, the agreement with the simulations is good, and 
demonstrates presence of the very broad EOT window in the expected frequency range. 
In fact, the measured EOT window is even better than the simulated one, with τ > 0.9 in 
the entire measured range (1.5 eV < ω < 2.25 eV).  
This demonstrated possibility of engineering the EOT window is of practical 
importance. For instance, it could help in the development of transparent conducting 
electrodes for photonics and photovoltaics. In fact, the unusually good performance of the 
recently developed solar cell with SPMF similar to ours,[23] could be related, or even 
directly caused by the large dielectric constant of the substrate, and similar mechanism. 
Finally, our simulations (not shown here) demonstrate, that this effect can be further 
enhanced (increased τ and the bandwidth of the EOT window) by combining SPMF with 
the conventional anti-reflection coating, made of an optically thick dielectric film. 
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3.1.3 Periodic patterns close to the percolation threshold[24] 
 
Metamaterial design as well as sensor and detector applications require systems 
with high sensitivity of physical phenomena to subtle changes in system parameters. 
Such sensitivity occurs in percolation systems, made of planar arrays of metallic islands 
or holes in thin metallic films,[4,25-30] both commonly employed in different plasmonic 
and metamaterial structures. These topologically distinct pattern systems have vastly 
different in-plane electronic conductivities and experience a sudden change at the 
percolation threshold (PT). However, the PT implies more than simply a metal-to-
insulator transition where the conductive metal “ a ck one ” spanning the entire su st rate 
is lifted, i.e., already humble alterations of the film morphology lead to a drastic change 
in the optical response experiencing universal critical phenomena. Percolation problems, 
which closely resemble second-order phase transitions, are characterized by power law 
dependencies on the metallic island area fraction p and on the frequency when the critical 
area fraction pc is approached.
[31-33] For composite systems consisting of highly 
conducting particles in a dielectric matrix, the following relations have been predicted 
and observed at low electromagnetic frequencies.[34-37] At the PT, where p = pc, the 
following power laws are obeyed by the effective conductivity (σeff) 
      
                                                                      
and the effective dielectric function 
      
                                                                    
where 0 < β< 1 is the critical exponent. Near the PT, both the conductivity and dielectric 
function are given by power laws in terms of (p - pc). In particular, for the conductor-like 
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behavior p > pc 
           
                                                           
and the dielectric-like behavior p < pc 
           
                                                       
where γ>0 is another critical exponent. A special case of the percolation problem is the 
periodic percolation series (PPS), in which fixed hole locations form a periodic lattice. As 
a result of the Babinet principle,[14] the electromagnetic response spectra for a percolation 
series, evolving from hole to island arrays, are closely related. [7,12,13,38] A very high 
symmetry PPS is obtained with square holes (SPPS), where the patterns on opposite sides 
of the percolation threshold form complementary Babinet pairs. In this work, we employ 
a simple and easy technique to manufacture PSS based on a hexagonal array of circular 
holes (CPPS). [13] This special example of the percolation problem represents a case of a 
discontinuous percolation transition,[32-33] extensively studied in the context of explosive 
percolation, [39-41] with an instantaneously expanding correlation length 𝜁, the length scale 
that determines the size of the cluster of connected islands, at the PT. This implies that 𝜁 
~ (pc – p)
-ν for p < pc, with the critical exponent ν0, and that the DC effective 
conductivity vanishes according to σeff ~ (p  – pc) for p > pc,
 which implies with use of Eq. 
(3.7) that γβ=1.[32-33] Critical behavior consistent with these dependencies has been 
confirmed theoretically for SPPS and via simulations for CPPS.[12-13] Here,  we 
demonstrate for the first time the universal critical behavior of spectra  in the high 
frequency plasmonic range in CPPS near the percolation threshold by studying 
experimentally the transmittance of light in the infrared (IR) and visible ranges. 
Additionally, we show radio frequency conductivity measurements in selected CPPS 
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structures. This direct experimental evidence is supported by finite difference time 
domain (FDTD) simulations and is consistent with the general percolation theory. 
Figure 3-6 Evolution of CPPS through the PT. SEM micrographs and corresponding 
diagrams of selected CPPS patterns transforming from metallic hole to island arrays. The 
radii of the holes are indicated in the bar in-between.  
 
Our CPPS is obtained by producing hexagonal array patterns of circular holes of 
increasing diameter in the subsequent structures, made in a thin bimetallic film consisting 
of 50 nm plasmon-active gold on a 3 nm titanium adhesion layer on a sapphire substrate. 
A total of 13 patterns were made by employing the nanosphere lithography,[18,43-45] 
including 6 in the immediate vicinity of the percolation threshold. Scanning electron 
microscope (SEM) micrographs were gathered on a Hitachi SU8030 SEM and are shown 
in Fig. 3-6. Patterns change gradually from hexagonal arrays of circular holes of 
increasing diameter, to honeycomb arrays of disconnected quasi-triangular metallic 
islands. The electrical conductances σeff were measured with an Agilent E4980A 
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precision LCR meter in the frequency range from 20 Hz to 2 MHz after deposition of 120 
nm thick silver contact electrodes onto the CPPS samples by magnetron sputtering (AJA 
international). 
 
Figure 3-7 Physical observables at the PT. Color maps of the transmittance of CPS, 
versus wavelength and the hole size: experiment (a) and simulation (b). The dashed lines 
outlining minima locations are guides to the eye: the ones in (a) outline minima locations 
of simulation in (b) and those in (b) outline minima locations of the experiments in (a). (c) 
Plots of the transmittance vs photon energy for two CPS with r = 355 nm (solid line), and 
r = 374 nm (dashed line). (d) Sketch of the effective dielectric function for the CPS 
(upper panel), and the corresponding effective transmittance (lower panel). (e) β 
extracted from the ln (σeff) vs ln(ω) slopes (blue squares), and that extracted from the shift 
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of the plasmonic resonance shown in (a) (b)  (the red-solid circle).  
We focus on the normal angle optical transmittance T through these patterned 
structures as the main probe of the electromagnetic response. Transmittance 
measurements were collected with a Perkin-Elmer Lambda 950 spectrophotometer. And 
the numerical simulations of the structures were performed with MEEP.[46-47] Specifically, 
in simulations, the permittivity of gold is fitted to the Lorentz-Drude model.[48] The 
permittivity for the sapphire was set to 3.2. We have made a slight adjustment (< 1%) of 
r* in simulations to align with experiment. This is justified by the finite numerical mesh 
size, comparable to the adjustment. The dashed lines representing minima of T, in 
experimental panel (a) are obtained from the simulation panel (b), and those in the 
simulation panel (b) are obtained from the experimental panel (a). 
On the hole side of CPPS, the spectra are dominated by a series of peaks separated 
by deep minima. FDTD simulations are in a broad and qualitative agreement with all 
experimental features, in particular reproducing the rapid shift of the deepest minimum, 
highlighted as a green band in Fig. 3-7(a), on the approach to the critical hole radius 
r*~365 nm. The observed transmission maxima correspond to the well-known EOT 
effect, mediated by surface plasmon polaritons and enabled by the periodic nature of the 
CPPS,[9,30] whereas the main minima correspond to plasmonic resonances trapping 
radiation in the film. The characteristic reversal of the behavior is observed on the island 
side of the CPPS, [7,12,13,38]  with the main maxima becoming minima, and vice versa (Fig. 
3-7(c)). The evolution of the transmittance spectra in CPPS reveals the expected critical 
behavior at the percolation threshold. The location of the first minimum on the island side 
of CPPS satisfies the power law 
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The least-square-fit-extracted critical exponent is 𝜁 = 0.1.  
A simple effective medium approach allows for a basic understanding of the spectra 
(Fig. 3-7(a)-(c)). For the chosen perpendicular propagation direction, island films can be 
viewed as an effective medium, with a dielectric function for a lossless metal, given in its 
simplest form by Eq. (3.4), where     ,       
  and ωi ≠ 0 are the plasmonic (Mie) 
resonances in the islands. [17] The dielectric function is sketched out as lines in the top 
panel of Fig. 3-7(e). Here, all solid lines represent hole arrays, and all dashed lines 
represent island arrays. It can be shown that the dielectric function for hole arrays is also 
given by Eq. (3.4), but with different constants.[7,13,30] In general, one of the resonant 
frequencies (say, one for i = 1) vanishes, leading to a divergent Drude-like term for 
vanishing frequency as shown by the solid line. For a hole array, strictly Babinet 
complementary to an island pattern, the spectrum is shifted,[12] so that the poles of ε(ω) 
for the hole array occur at the frequency locations where ε(ω) =1 for the island array, and 
vice-versa. This property can be expected only approximately for non-Babinet 
complementary pattern pairs, which is the case for our CPPS. The properties of ε(ω) 
imply the corresponding behavior of transmittance via the formula  
  
 
      [      ] 
                                                  
where α=d/2c (α2ω2<<1), d is the metallic film thickness, and c is the speed of light. [16] 
An immediate consequence and obvious result of this formula is that T = 1 for ε(ω) =1, 
and because of the smallness of α2ω2<<1, T ≈ 1 for finite ε(ω). This is an alternative 
effective medium interpretation of EOT. On the other hand, T has deep minima only at 
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the poles of ε(ω), i.e., at plasmon (Mie) resonances. This immediately explains the T 
dependencies qualitatively for island and hole arrays (Fig. 3-7(e) bottom panel). As the 
holes transform into islands at the percolation threshold r = r*≈ 365nm, the features of 
maxima turn expectedly into minima (Fig. 3-7(c)). Even though the real structures 
employ gold, a noble metal that, at optical frequencies, exhibits a high conductivity with 
a small loss factor as determined  y the imaginary part of the metal’s permittivity, and 
the hole sizes are comparable or larger than the probing light wavelength, violating the 
long wavelength limit which is normally required for the effective medium approaches, 
this qualitative picture holds for the measured, as well as simulated spectra of T (Fig. 3-
7(a) and (b)). [12] 
The power law given by Eq. (3.9) can be easily derived from Eq. (3.10), which 
yields εeff=1+ωpl
2/ω2~ω1
-2, for a sufficiently small frequency, a nonzero ω1
2<<ωpl
2 and 
ω1
2<<ωi
2. From this scaling, the fact that r ~ p and r* ~ pc, and from Eq. (3.8), we obtain 
Eq. (3.9) with the critical exponent 𝜁=γ(β-1). Since for CPPS γβ=1 and also 𝜁=0.1, the 
universal critical exponent β= 0.83. This value is comparable of typical values, such as 
β= 0.86 – 0.92 extracted recently from experiments with 3D composites. [37] The critical 
exponent β value for strictly Babinet complementary SPPS has been determined as 
β=0.5.[12] Similar results were extracted from random 2D resistor networks.[49] The value 
of β extracted from the plasmonic resonance power law in Eq. (3.9) is shown in Fig. 3-
7(d) as a red-solid circle, and its location is consistent with the low frequency results 
(blue squares). These results were obtained by measuring σeff vs ω with an Agilent 
E4980A precision LCR meter in the frequency range from 20 Hz to 2 MHz. To facilitate 
these measurements, 120 nm thick silver contact electrodes were deposited onto the 
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CPPS samples by magnetron sputtering (AJA international). The β values extracted by 
fitting the measured σeff vs ω  to Eq. (3.5) are shown as blue squares in Fig. 3-7(d).  
It is clear from Fig. 3-6, that at the percolation threshold (365 nm here) there is a 
large, easily detecta le  change of transmittance of the structure: notice, that at λ = 1500 
nm there is an easily detectable, nearly 30% change in T when r changes by less than 1% 
(from 364 nm to 367 nm). This is because the maximum of T just below PT turns into 
minimum immediately above. This strong sensitivity of response at the percolation 
threshold in the CPPS could be exploited in the design of various metamaterial systems 
of a desired response, as well as in detector applications. This can be obtained by slight 
modifications of r at the percolation threshold, for example by compression, temperature 
variation, defect formation due to adsorbed biological molecules, etc. Thus, various 
plasmonic and/or metamaterial sensor or detection systems could be built based on this 
critical phenomenon. 
Thus, we have demonstrated critical behavior of a periodic percolation series of 
planar structures evolving from arrays of holes to islands; the evolution being driven by 
the increasing of hole size. We show, that in addition to low frequency (radio) 
conductivity, which shows the well-known power law dependency on the frequency, the 
high frequency (IR) location of plasmonic resonances exhibits also a power law 
dependency on the hole size around the percolation threshold. This phenomenon could be 
useful in various metamaterial designs and detector applications.  
 
3.2 Metallic films with aperiodic perforations 
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3.2.1 Nanomeshes by grain boundary lithography 
 
Aperiodic metallic structures in the nano- to micro- scales were usually fabricated 
by photolithography and e-beam lithography using aperiodic patterns generated. Famous 
examples are the deterministic aperiodic nanostructures,[50] which are generated by 
mathematical rules with spectral features that interpolate in a tunable fashion between 
periodic crystals and disordered random media. Due to the restricted area of these 
techniques, these unique designs are almost impossible feasible for large area 
applications. 
The method of grain boundary lithography makes it possible to generate aperiodic 
metallic nanomeshes in a large area with comparable geometry sizes to existing nano-
fabrication techniques.[51-52] Combined with wedging transfer, such nanomeshes can be 
transferred to transparent substrates (PDMS, glass and CaF2) and their optical response 
can be obtained by common characterization techniques. The Au nanomesh presents a 
high specular transmittance of 82.5% (at a sheet resistance of ~20 Ω/□) in the wavelength 
range of 400-1000 nm, which does not include scattered transmission portion. For Ag 
nanomeshes made of solution processed nanowires, scattered transmission is often more 
than 10%. Even when the total transmittance achieves 90%, the specular transmission is 
lower than 80%. In comparison, dispersed transmission for our Au nanomesh is only ~3% 
(when transmittance exceeds 80%, Fig. 3-8(b)), this may allow its applications in 
displays or other fields where scattered light is undesired. In addition, we have found that 
the stretched Au nanomesh has a higher transmittance (from 82.5% to 85.0% when 
stretched to ~80% strain). Note that within a strain of 80%, both sheet resistance and 
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transmittance are improved. The higher transmittance of Au nanomesh is related to its 
low reflectance, which is 5.5% in the range of 400-1000 nm, measured by an integrating 
sphere detector. In the wavelength range of 400-1000 nm, the Au nanomesh presents a 
transmittance of 82.5%, close to the simulated result (~75.0%). The transmittance of the 
Au nanomesh becomes larger after stretching (it changes from 82.5% to 85.0% with 
strain changes from 0 to 80%). 
 
 
Figure 3-8 (a)Transmittance of a single layer of 35 nm thick Au nanomesh.(b) 
Comparison between specular and diffusion transmittances of a Au nanomesh, showing 
that the difference is only ~ 3%. 
 
In periodic arrays (e.g. holes in a metallic film, or polarizable point-dipoles), 
plasmonic, polaritonic, or pure photonic modes can propagate unscattered as a result of 
the Bloch theorem, unless the Bragg diffraction prevents their propagation at the 
Brillouin zone in the k-space, leading to gaps in their spectrum (band structure). [53-54] 
Gaps can be generated also without help of the Bragg diffraction, by polaritonic coupling 
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of photons to polarizable charges, which opens a large gap in the photonic (polaritonic) 
spectrum of bulk metals below the plasma frequency.[5-55] In this polaritonic (or photonic) 
crystal picture, the spectral response of the array (e.g. transmission), characterized by 
multiple maxima and minima, corresponds to bands and gaps in the polaritonic (or 
photonic) spectrum.[53-54]  In a random array, the broken translational symmetry leads to 
scattering of the modes, as well as to mode localization.[56-59] The situation is analogous 
to the electronics of crystals transforming into amorphous solids: gradual deterioration of 
the long-range order leads to gradual formation of tails of localized states, extending from 
the bands into the gaps. The resulting electronic spectrum transforms from gapped into 
gapless. A similar situation happens to plasmonic/photonic crystals gradually losing the 
long-range order, and results in the spectral response becoming increasingly smooth. 
 
Figure 3-9 (a) and (b) are SEM micrographs of the periodic (hexagonal) and aperiodic 
Au nanomeshes with the same metal coverage. Scale bars are 500 nm. (c) Transmittance 
of the periodic (black dotted line) and aperiodic (red solid line) Au nanomeshes. 
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To demonstrate this, we compare the optical response of a periodic (hexagonal) 
array of circular holes in a gold film with a random gold nanomesh. Both structures have 
the same metal fill factor of 30% (fraction of the surface covered by metal). The periodic 
structure was made in a gold film of 50 nm thickness on a sapphire substrate using the 
nanosphere lithography,[7,24] with the center-to-center nearest neighbor hole distance of 
756 nm, and the hole diameter 663 nm. The SEM micrograph of the film is shown in Fig. 
3-9(a). The gold nanomesh was first formed on flat silicon surface, and then transferred 
to a CaF2 substrate using wedging transfer. The SEM micrograph of the nanomesh (35 
nm thick) is shown in Fig. 3-9(b). The metallic coverage was determined to be 31%, by 
statistically averaging over a large SEM micrograph. The transmittance spectra of the 
periodic structure, shown as a black dotted line in Fig. 3-9(c), were obtained at normal 
incidence with a Perkin Elmer 950 spectrometer. The corresponding transmittance 
spectrum of the random structure is shown in Fig. 3-9(c) as a red solid line, obtained at 
normal incidence with Hitachi U2001 spectrometer in the wavelength range 400 nm to 
1100 nm and with Thermo Scientific iS590 in the IR range. Both spectra have been 
substrate normalized. The transmission results fully confirm the analysis in the previous 
paragraph.  
It is clear that the spectrum of the random structure has fewer spectral features than 
the one of the periodic array. In fact, only one feature can be observed on the random 
array spectrum at about 520 nm. This is a universal spectral feature occurring in 
nanoscopic structures made of gold. It is not present in a uniform gold film, since the 
inter-band absorption (d-p), which occurs in the wavelength range 250-400 nm creates 
the corresponding broad-band reduction of transmittance below ~500 nm, not a narrow 
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minimum at 600 nm. Instead, this sharp feature is due to a plasmon mode excited at 
sufficiently small nanoscopic geometrical features of the structures, which provide large 
momentum transfer during the photon-electron scattering. For example, such Mie 
resonance occurs commonly in sufficiently small (< 50 nm) gold nanoparticles,[27, 60-62] 
and it can be viewed as a Fabry-Perot like resonance of standing surface plasmon 
waves.[28,63] At large momentum transfers the surface plasmons are almost not dispersing, 
with the corresponding frequencies approaching the surface plasmon frequency, for gold 
corresponding to the wavelength  ~ 600 nm. [16] This feature occurs also in our periodic 
and random structures, since both contain large number of small geometrical 
confinements/constrictions of the order of 50 nm: narrow necks between quasi-triangles 
in Fig. 3-9(a), and narrow wires in Fig. 3-9(b). The additional features in the spectrum of 
the periodic sample have been explained in details elsewhere,[7] and are due to surface 
plasmon polaritons excited by grating effect of the periodic arrangement of holes. This 
mechanism does not apply to the random nanomeshes, and thus allows for the smooth, 
feature-less nature of the spectrum. Both arrays are quite transparent (~70%), and the 
differences in the transmittances are due to slightly different fill factors and metal 
thicknesses. 
 
3.2.2 Nanonetworks by crack templates[64] 
 
Figure 3-10 compares the optical transmittance (in the range of wavelength from 
400 to 800 nm) of two typical crack template Ag network electrodes (~60 nm in 
thickness) with d ~2 μm and w ~ 45 μm for glass substrate and d ~1 μm and w ~ 65 μm 
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for PET substrate, along with that of an sputtered ITO-coated film (~150 nm in thickness) 
on a glass substrate. The Ag network electrodes on both glass and PET substrates exhibit 
good transmittance (~88% for PET substrate, ~82% for glass substrate, at wavelength λ = 
550 nm) over 400 to 800 nm, which is comparable to commercial ITO (~87%, at 
wavelength λ = 550 nm). By adjusting the w and d of the Ag network, the sheet resistance 
of the samples can be lowered to ~4.2 Ω/sq at 82% transmittance, and ~ 1 Ω/sq at lower 
transmittance of ~50% (both on glass). While an electrode with ~50% transmittance 
cannot be used for solar applications, it could be an excellent choice for high sensitivity 
touch-screen displays, since the low transparency can be compensated by stronger back-
lighting of a display. Typically a smaller line width (d) of Ag network assembled on PET 
substrates, as compared to glass (Fig. 3-11), results in larger sheet resistance, but higher 
transmittance (~10 Ω/sq at ~88%). 
 
Figure 3-10.  Optical transmittances as a function of wavelength for Ag network on glass 
and PET substrate, along with that of sputtered ITO film of ~150 nm thickness.  
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Figure 3-11. Optical transmittance versus the corresponding sheet resistance for Ag 
network samples on glass at the wavelength λ =550 nm (black squares), for a silver 
nanogrid electodes (blue triangles), a vacuum filtrated silver nanowire mesh (olive star), 
spin-coated silver nanowire mesh (green pointing down triangle), and bubble templated 
silver mesh (blue pentagon), and for a ~150 nm thick layer of ITO sputtered on glass 
(solid circle). The lines represent fits of Eq. (3.11) to the clusters of data points, which 
determine the corresponding fitting parameter F. 
 
Typically, optical transmittance and dc conductivity change in opposite directions 
for transparent conductive electrode (TCE) materials. [65] The figure of merit F, defined 
as the ratio of the electrical to optical conductivity (F = σdc/σopt), where the σdc is the 
electrical conductance at 0 frequency and the σopt is the sheet conductance in the optical 
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frequency range. In order to maximize the film’s potential for use as a transparent 
conductor, typically it is desirable to have a low sheet resistance (high σdc) and a high 
optical transmission. The figure of merit F has been widely used to judge the overall 
performance of transparent conductive electrodes (the larger F the better the 
performance), and is related to the transparency (T) and the sheet resistance (Rs) as 
follows[65-66] 
  (  
     
   
)
  
                                                           
Here we use T at the wavelength λ= 550 nm. Figure 3-11 summarizes the 
experimental data, by plotting the optical transmittance at 550 nm versus the sheet 
resistance.  The F values were obtained by fitting Eq. (3.11) to the experimental data 
(transmittance and sheet resistance). Our Ag network samples, with d of 1–2 μm, and w 
of 5–200 μm, have good electro-optic properties, with transmittance ranging from 82 % 
(at ~4.2 Ω/sq sheet resistance) to 50% (at ~1 Ω/sq sheet resistance), and very high figure 
of merit F ~360. Such high figure of merit has been demonstrated before only with the 
 u  le templated silver mesh (84%, 6.2 Ω/sq),[67] and the spin-coated silver wire mesh 
(88%, 10 Ω/sq).[68] Other leading published structures, such as the silver nano grid and 
the vacuum filtrated silver wire mesh (85%, 13 Ω/sq),[69] correspond to a much lower 
figure of merit of F ~120. Figure 3-11 shows, that our Ag network structures achieve 76% 
transmittance even at ~2 Ω/sq sheet resistance, a very good result. Note, that Ag network 
on PET has also F ~360. We noted that since the reflection of silver network is 
comparable to the absorption, as a property indicator, F may not be as effective as it is 
used in the carbon nanotube cases.   
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Figure 3-12. Sheet resistance of Ag network as a function of the bending angle. Inset 
shows the photograph of the experimental setup of the two-probe electrical measurement. 
 
Fig. 3-12 shows the sheet resistance of Ag network structure (with d ~1 μm, w ~ 65 
μm) on PET as a function of the bending angle. The measurement setup is shown in the 
inset. When the bending angle varies from -120° to 120°, a slight variation in the 
resistance of the Ag network is observed. Also, the Ag network structure survives 
multiple finger-touching, simulating the usual touch-screen use. This makes our Ag 
network applicable to touch-screen displays.  
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Chapter 4 Multilayered structures with 
perforated metallic films 
 
In this chapter, multilayered structures with ultrathin a-Si and perforated metallic 
films will be discussed. Also, a coherence model is proposed to handle the optical 
behavior of random structures. 
 
4.1 Self-complementary patterns for ultrathin a-Si solar cells 
 
Amorphous silicon (a-Si) solar cells have experienced a remarkable progress with 
stable energy conversion efficiencies exceeding 10% and very low manufacturing 
costs.[1-5] However, while the leading solar technology based on crystalline silicon (c-Si) 
provides efficiencies approaching the theoretical limit of about 30%,[6] the a-Si cells are 
still about a factor of two less efficient than their respective theoretical efficiency limit 
(about 25%). [1,4-6] Thus, the challenge is to double the efficiency of the a-Si solar cells in 
order to fully exploit their advantages in lowering manufacturing costs, and thus 
dramatically improve the outlook of this environmentally friendly solar energy 
technology. The main problem with a-Si in this context is the very short carrier mean-
free path (< 100 nm), which requires the corresponding p-i-n junctions to be much 
thinner than that. Thin a-Si junctions are also needed to eliminate the deleterious light 
degradation (the Staebler-Wronski effect), which plagues the conventional a-Si solar 
cells.[2] However, thin junctions make it difficult to trap light, as the mean-free path of 
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photons in the red part of the spectrum in a-Si is > 1000 nm. The usual “solution” to this 
“thick-thin” dilemma is a compromise: 250 – 300 nm thick p-i-n junctions, and an 
aggressive texturing of the interfaces to improve light trapping through scattering (diffuse 
transmission and reflection). The excessively thick junctions and the defects associated 
with the textured interfaces, result in large carrier trapping and recombination, and 
ultimately are responsible for the relatively low efficiency. What is needed, is a highly 
efficient light trapping scheme which would allow for a very thin (<< 100 nm) and planar 
a-Si absorbers. In this section, we propose a metamaterial-plasmonic structure, which 
satisfies these conditions. We show by quantitative simulations that a single-junction a-Si 
solar cell based on this structure can yield stable efficiency exceeding 12%.  
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Figure 4-1 Proposed high efficiency solar cell structure (a), and its effective medium 
model (b). The vector model of the reflection coefficients in the complex plane, which 
yields inequality Eq. (4.6). 
 
A cross-section of a fragment of our proposed structure is shown schematically in 
Fig. 4-1(a). It has a basic form of a typical photovoltaic device in a simple planar 
configuration: a Ag substrate (bottom electrode), an absorber film (the p-i-n junction) of 
thickness d, an electrically continuous and nanoscopically perforated metallic film 
(NPMF) of thickness s, which acts as a transparent “window” electrode of the cell, and 
finally an interference film (IF) of thickness t. We expect excellent reflection suppression 
in this structure, based on the simplified analysis described below. We confirm these 
conclusions, and estimate the efficiency of a solar cell based on this analysis by 
employing quantitative first principles simulations.  
We begin by noticing that for d and the NPMF perforation dimensions <<
  
l 
(subwavelength limit), one can employ the effective medium model, and represent our 
structure as a simple planar layer stack shown in Fig. 4-1(b), for which an analytic 
solution is available. In this stack, the absorber-NPMF pair is represented by a 
metamaterial effective film (MEF), with      and     . 
By employing the Fresnel method, we find that the total reflection coefficient from 
our model structure with IF (at normal incidence, at the air-IF interface) is given by 
   (      
√   
 
)                                                           
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    (        
     
 
)                                                         
where the auxiliary function 
         
         
          
                                             
In these formulas,   is the Fresnel reflection coefficient for the air-IF interface, 
given by    
  √  
  √  
      
   ,    is the reflection coefficient for the structure at the IF-
MEF interface,    is the total reflection coefficient from our structure without IF, and 
     
   
   
 is the Fresnel coefficient at the air-MEF interface. The refractive index of the 
MEF is      √         (Im(    )>0),
[7] and the wave impedance is given by      
√           (Re(    )>0). Note, that in addition to the dielectric function     , MEF can 
have a magnetic permeability       , which is a result of the coupling between NPMF 
and the metallic substrate. A free standing, strictly two dimensional NPMF would have 
necessarily       , since the in-plane magnetic field of the incoming wave cannot 
induce any currents in the film: the Lorentz force in this case has only a perpendicular (to 
the film) component. However, in the presence of the metallic substrate, currents can be 
induced between NPMF and the substrate (via capacitive coupling), which subsequently 
form closed loops that can lead to nonzero magnetic susceptibility. This effect has 
recently been demonstrated.[8] 
Since x and y are in general complex, the approximated part of Eq. (4.4) represents 
a vector sum of x and y in a complex plane, and then vanishing r according to Eq. (4.1) 
requires that the sum of vectors    and    vanishes (Fig. 4-1(c)). Expanding around the 
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wavelength    at which this vanishing occurs, assuming that    and    are wavelength 
independent, we find that the reflectance 
      (  
  
 
)
 
                                                       
Numerical evaluation of this equation shows that, surprisingly, the reflectance 
suppression is broadband, with R < 10% in the entire visible range (provided that    is 
chosen in the middle of this range). In addition, from Fig. 4-1(c) we find that  
                                                                         
This inequality shows that the overall suppression is also tolerant of the specific 
values of     . For example, suppressing R below 10%, while employing a typical 
dielectric with    √     (i.e.,         ), requires only that         . If    is 
frequency ( ) independent (or slowly varying), this essential vector cancellation can be 
always assured by adjusting t, which linearly controls the angle between the two vectors. 
Thus, a slow    variation with frequency is important for achieving the broadband 
reflectance suppression in our structure.  
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Figure 4-2 The total reflectance      
    vs. normalized frequency   
 
  
       , 
calculated from Eq. (3) (black bold line), and the corresponding extracted     ,     , and 
     for: (a) structure with a modeled response  
  , (b) structure with resonant 
(plasmonic) resonances, and (c) modified structure with separated plasmonic resonances. 
(d)      
    taken from the dashed line in (c), and the corresponding      (solid line) 
obtained from Eq. (4.2) for the modified structure with separated plasmonic resonances. 
The shaded region in (d) is the corresponding range of R < 0.1, for this structure with an 
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added interference film; this range is very broad, and exceeds the entire frequency range 
in this plot. 
According to Eq. (4.2),    independency on   follows from independency of    
on .    is given by Eq. (4.3), and represents the reflection coefficient of our model 
structure without the interference film. It is clear, that    is independent on   only if 
      
   and       
                                                      
Fig. 4-2(a) shows      
   , calculated from Eq. (3) vs. normalized frequency, for 
the structure of Fig. 4-1(b) (but without IF), with      and      modeled to have the 
approximate     dependency:   
 
    
, where A, B, and   are constant. Plotted are also 
the corresponding     ,     , and     . The resulting    is small (< 10%) in a very broad 
frequency range, as expected. The broadband suppression of R follows. Note, that for 
vanishing   ,        and finally         
    √     , which vanishes if     √   . 
This action of IF resembles that of the usual anti-reflection coating (ARC),[9] except for 
different   . Most importantly, however, Eq. (4.5) holds, assuring a broadband 
suppression of R as well, even if     is not very small. The broadening of the reflection 
suppression by the interference film will be further demonstrated below.  
 The     dependency of     and      is highly unusual for an effective medium. 
Fig. 4-2(b) shows    for a structure with the usual dependency of      and     :
[10] sum 
of Lorentzian terms, each representing a localized plasmonic resonance (e.g., electric Mie 
resonance)
 
  ∑
 
         
, where A, B, C, and   are constant (Eq. (1.2)). In contrast to 
Fig. 4-2(a), the reflectance suppression occurs now in a very narrow band. The model 
parameters have been adjusted here to represent the structure in which such narrow band 
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super-absorption (R very close to 0) was recently demonstrated, both by simulations and 
experiments.[8] In this structure the reflectance suppression relies on a strong interaction 
between the magnetic and electric resonances in the effective film; note that in this case 
(see Fig. 4-2(b)) the two resonances are very close together, and the minimum of     
occurs at the normalized frequency    , which is simultaneously the de-localized 
electric bulk plasmon frequency (Re(    ) = 0), and the localized magnetic plasmon 
frequency (Im(     )= maximum). The resonant character of the reflectance suppression 
in this case, comes directly from the resonant character of this plasmonic interaction.  
Clearly the     dependency, required for the broadband operation can 
approximately occur only in properly engineered structures, and only in a limited 
frequency band away from these plasmonic resonances. To test this idea, we changed the 
model parameters leading to Fig. 4-2(b), by substantially increasing the C parameter in 
    , i.e., by blue-shifting the electric plasmonic resonance, away from the magnetic 
resonance (still at    ). Now, the de-localized electric bulk plasmon occurs at  
   . Thus, a window opens up in-between these resonances, in which both      and      
monotonically decay, resembling the     dependency, as shown in Fig. 4-2(c). The 
resulting   , also shown in this figure, is suppressed in a much broader band as expected, 
and clearly in a non-resonant region. We also note that Re(    ) is negative in the 
window, indicating that the structure is a negatively refracting (left-handed) metamaterial 
in this frequency range.  The same happens for the case shown in Fig. 4-2(a). This is 
related to the fact, that the coexistence of propagating bulk and surface plasmon modes in 
the effective film is required to facilitate efficient reflectance suppression. Such 
coexistence of modes can be assured only in a left-handed material.[11] 
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The presence of the IF film helps to broaden this response further. To show that, we 
have calculated the corresponding      from Eq. (4.2). Fig. 4-2(d) shows both,      
   , 
and     . Clearly, while    is suppressed to below 10% only in a relatively narrow band 
(       ),       is less than 0.6 in the entire frequency range shown, and beyond. 
Thus, as discussed below the inequality Eq. (4.6), this assures less than 10% overall 
reflectance R in this very broad frequency range (see the shaded region in Fig. 4-2(d)), 
i.e., much broader super-absorption band than that of the structure alone, without the 
interference film.  
 
Figure 4-3. (a) Structures evolving from honeycomb arrays of quasi-triangular islands, to 
hexagonal arrays of circular holes, to a solid film. (b) Checkerboard series. (c) The in-
plane unit cell of our optimized checkerboard super-absorber structure. The parameters 
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are: substrate (Ag: 50 nm), absorber (a-Si: 15 nm), NPMF (Ag: 20 nm, a = 280 nm, W = 
145 nm), IF (ITO: 55 nm). (d) The color-encoded map of R vs. W and
  
l. (e) R vs. 
  
l 
(bold-solid black line) simulated for the structure of Fig 3c, and various modifications of 
this structure: without IF (thin-solid line), without NPMF (dashed-dotted line), without IF 
and NPMF (dotted line). A result for the structure of Fig 3c, but with a = 750 nm and W 
= 390 nm (dashed-bold line). (f) The total absorbance of the structure of (c), and the 
partial absorbances in the absorber, silver substrate, and NPMF (marked by arrows). 
 
The key task now is to discover a specific NPMF structure, which will yield the 
desired effective     dependency of      and     , at least approximately. A good 
candidate is a percolation threshold structure from a series of periodic structures evolving 
from islands to holes, as shown in Fig. 4-3(a) and (b). This evolution is an analog of the 
percolation problem,[12-14] and thus it is singular/critical at the percolation threshold 
pattern. The effective dielectric function of such structures consists of, as discussed 
above, electric and magnetic plasmonic resonances. It was shown, that these resonances 
at the percolation threshold rapidly shift away from their original frequency locations, 
leaving a smoothly varying      and     , which resemble the required  
    
dependency. A particularly singular series of structures is generated from the 
checkerboard pattern (percolation pattern of this series) by uniformly changing the sizes 
of the checkerboard squares (W x W), but leaving the checkerboard period a unchanged 
(see Fig. 4-3(b)).[13] Note, that the patterns to the right and left of the checkerboard 
pattern form Babinet complementary pairs,[15] and that the checkerboard pattern itself is a 
self-Babinet complementary structure. It was shown, that the checkerboard pattern can be 
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represented by an effective thin film, with       
  , the ideal dependency for the 
broadband super-absorbance. In our structure configuration, the NPMF would be 
designed to be not far from the percolation threshold pattern (checkerboard), and thus 
     should at least be smoothly varying. Thus, the checkerboard pattern should be a 
good candidate for the NPMF. 
The simplicity of the above analysis allows us to understand the physics of the light 
interaction with our structure, and also to identify specific NPMF structures, which 
should facilitate the suppressed reflection in a very broad frequency band. To verify these 
predictions we have performed a series of computer simulations for our original (not 
simplified) structure, schematically shown in Fig. 4-1(a), with the checkerboard series 
structures as NPMF. These simulations are based on the high accuracy FDTD and FDFD 
methods using CST MWS. These methods allowed us to identify an optimized structure, 
unit cell of which is shown in Fig. 4-3(c). Since the NPMF period is a = 280 nm and w = 
145 nm, the pattern is close to the checkerboard, but on the conducting side of the 
percolation threshold. This allows NPMF to act also as a highly conducting top electrode 
of a solar cell with a sheet resistance of < 10 Ω/□. Published experimental data were used 
for all dielectric functions. [16-17] The optimized absorber thickness is only 15 nm. Fig. 4-
3(e) shows the simulated reflectance for this optimized structure (bold-solid black line). 
Indeed, the reflectance suppression is excellent in the entire useful band for the a-Si 
absorber (400 – 800 nm). This is the main result of this work.  
For comparison, Fig. 4-3(e) shows also reflectance for other related structures. The 
thin-dotted red line is for a structure consisting of only the substrate and the absorber, and 
as expected it shows very narrow and relatively inefficient reflectance suppression. The 
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thin dashed-dotted red line is for this structure with the IF added. Clearly, there is no 
improvement of the bandwidth, but instead a blue shift of the minimum. The thin-solid 
black line is for the structure consisting of the substrate, absorber and the NPMF (but no 
IF). The reflectance suppression is clearly broader than that for the structure without 
NPMF, but still relatively narrow. This changes dramatically (almost threefold increase 
of the bandwidth) after the IF is added to this structure, as expected, yielding the 
optimized structure discussed above. In addition, a dashed-bold green line represents a 
result for a complete structure (all films), but with much larger period of the 
checkerboard (a = 750 nm, w = 390 nm). It also shows a very broad reflectance 
suppression, however less efficient than that for the optimal structure. This, on one hand, 
illustrates the importance of the subwavelength geometry in this effect, but on the other, 
it shows that even outside the subwavelength regime (   ), the band of the suppressed 
reflectance remains very broad. This last fact should make the future fabrication of these 
structures much easier.  
Fig. 4-3(d), shows the color-encoded map of R vs. w and  . It confirms that the 
suppression bandwidth indeed maximizes not far from the percolation threshold pattern 
(for w≈120 nm). This band broadening at the percolation threshold can be understood as 
follows. The structures on either side of the threshold are arrays of discrete elements 
(islands above the threshold, where w < 140 nm, and holes below, where w > 140 nm). 
These have, as discussed above, localized, narrow band plasmonic resonances. 
Sufficiently far from the percolation threshold these are degenerate, and thus the effective 
response is narrowband. At the threshold the inter-island or inter-hole interactions 
remove the degeneracy, shifting and broadening the resonances. This is somewhat similar 
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to formation of electronic bands in solids from hybridized electronic levels of individual 
atoms. However, while the usual band formation effects in solids are short range, and 
thus well described by the tight-binding type of analysis, the interactions near the 
percolation threshold became critical, i.e., long-range. The fact that the maximum of the 
bandwidth occurs for w < 140 nm (i.e., slightly away from the checkerboard pattern) is in 
fact expected, and result of interaction of the NPMF with the metallic substrate. This 
explanation of the band broadening should hold for other percolation threshold structures. 
To check this, we replaced the checkerboard NPMF with the structures near the 
percolation threshold of the series shown in Figure 3a, with similar dimensions. Our 
simulations for this case showed a less efficient R suppression, in a narrower band, and a 
much less pronounced maximization of the bandwidth at the percolation threshold. Also, 
after addition of the IF coating, the suppression band remained much narrower than that 
for the optimized checkerboard structure. This points to the checkerboard, as a possible 
optimal NPMF structure. 
The reflection suppression in our optimized structure is excellent, and is due to 
absorption. Furthermore, this absorption can be engineered to be overwhelmingly in the 
absorber (a-Si), and not in the metal (Ag). To show that, we have performed simulations 
for our optimized structure with lossless IF (e.g., lossless ITO), and with best bulk quality 
Ag,[18] recently demonstrated experimentally with nanoscopically thin films.[19] Fig. 4-
3(f) shows the total absorbance, as well as the partial absorbances in the absorber, and Ag 
layers (NPMF and substrate). Clearly, the absorbance in the a-Si absorber dominates. 
To estimate the potential photovoltaic performance of our structure we have used 
the absorbance in the a-Si only, shown in Fig. 4-3(f) (bold-dotted line). This absorbance, 
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which with high-quality p-i-n junctions is essentially identical to the external quantum 
efficiency,[20] can be integrated with the solar power spectrum (AM 1.5) to yield the 
expected short circuit current density    , an important parameter of solar cells.
[21] We 
obtain a record high     = 19.7 mA/cm
2, much higher than     = 17 mA/cm
2 of the present 
efficiency champion single-junction a-Si solar cell. Experimental results with ultra-thin, 
planar a-Si p-i-n junctions, show that these indeed can be of excellent quality. For 
example,[22] an un-optimized junction with p, i, n layers of 5, 10, 5 nm in thickness, 
respectively, achieved a fill factor FF = 0.7, and an open circuit voltage     = 0.87 V, 
obviously at much lower current density of 4.6 mA/cm2 due to inefficient light 
absorption. Most importantly, it was demonstrated that these ultra-thin (< 5 nm) p and n 
layers strongly contribute to the generated photocurrent. Using parameters of these 
junctions with our simulated current density     = 19.7 mA/cm
2 yields a conservatively 
estimated efficiency of 12%. With further optimization of such ultra-thin junctions, 15% 
efficiency of our structure is possible. 
We point out that the ultra-thin nature of the absorber in our structure (optimal 15 
nm) may contribute to the energy recovery of the hot electrons (holes). These are the 
excited electrons (holes) short-lived immediately after excitation in the photo-absorber. 
In normal junctions, they rapidly decay into the bottom (top) of the conduction (valence) 
band by emitting phonons. This portion of the carrier energy is irreversibly converted into 
heat, thereby lowering the cell efficiency. In Ref. [22], it was demonstrated that in the 
ultra-thin absorbers a small fraction of the hot carrier energy can be recovered. Since the 
emission of plasmons can be even faster than phonons, the phonon losses could be further 
reduced by maximizing the coupling of hot electrons to plasmons in NPMF.  
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4.2 A Broadband Solar Absorber using random metallic nanomeshes 
 
A periodic array of holes in a metallic film allows the external radiation to couple to 
the surface plasmon polaritons (SPP), charge density waves propagating along the film. 
Metal wire-mesh systems, which are widely used as conducting transparent electrodes 
and wavelength-selective filters in different frequency ranges,[23-26] can be viewed also as 
such hole-perforated metal films. As expected, the array periodicity and the geometry of 
holes in these structures play an important role in determining their optical properties.[27] 
In the scenario of solar energy harvesting, there have been multiple pioneering researches 
to take advantage of the metallic wire systems by integrating them into thin film solar 
cells.[28-30] However, due to the complexity of fabricating subwavelength periodic 
structures, the high cost of these designs has become a main barrier towards 
commercialization in mass production. In this paper, we show that, by removing the in-
plane long-range order in a metallic nanomesh and by randomization of the hole shapes, 
the generated plasmonic, plasmon polaritonic or photonic modes can de-tune and/or de-
cohere, leading to a smooth, broad-band response. Such random metallic nanostructures 
can be fabricated in a large scale with low cost, and directly integrated into an ultrathin 
plasmonic-metamaterial absorber scheme. The plasmonic-metamaterial absorber 
structure with only 12 nm thick ultrathin active a-Si layer proves to exhibit a high 
absorption of 89% in the total solar energy in the visible range (400-700 nm). 
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Figure 4-4. Schematic side views of three multilayer structures: (a) insulator/metal (IM), 
(b) metal/insulator/metal (MIM), and (c) aperiodic metallic mesh/insulator/metal 
(MeshIM). (d) Reflectance spectra of the three structures in the visible range. Blue 
dashed line: 20 nm a-Si/ 200 nm Ag; red dotted line: 35 nm Ag/ 20 nm a-Si/ 200 nm Ag; 
black solid line: 35 nm aperiodic Ag mesh/ 20 nm a-Si/ 200 nm Ag.  
 
Although random nanomeshes have a rather large metallic coverage (~30% in Fig. 
3-9(b)), they are surprisingly effective in scattering forward, rather than selectively 
reflecting backwards when integrated to thin film structures, such as insulator-metal (IM) 
layers with a-Si. One example of the mentioned IM structure consists of 20 nm 
amorphous silicon (a-Si) on a 200 nm thick Ag substrate as the back reflector, deposited 
by magnetron sputtering using the ORION-8, AJA international sputtering system. The 
structure is schematically shown in Fig. 4-4(a). The dashed blue line in Fig. 4-4(d) shows 
109 
 
the correspondent reflectance spectrum as measured by the Hitachi U2001 spectrometer: 
a pronounced deep minimum (< 10%) at about 650 nm, caused by a non-trivial phase 
difference between reflected light from the air/a-Si interface and the a-Si/Ag interface, as 
reported in Refs [31] and [32]. In optoelectronic applications, such structures are often 
accompanied with a transparent conductive electrode placed on top of the semiconductor 
layer. If a continuous 35 nm thick Ag layer is sputtered on the IM sample, a MIM 
structure is formed, schematically shown in Fig. 4-4(b). Usually an MIM structure forms 
a Fabry-Perot cavity, which is often featured by sharp resonances and used as selective 
filters. [9] But due to the low transmittance of the 35 nm Ag film and high absorption of a-
Si in the visible range, the corresponding reflectance spectrum, shown as a red dotted line 
in Fig. 4-4(d), shows almost eliminated F-P action: except for a very shallow, shifted 
minimum at ~550 nm, the reflectance in the whole range is above 90%. As depicted in 
Fig. 3-9(b), the random Ag nanomeshes cover a non-negligible 30% of the whole area 
and have a thickness of non-negligible 35 nm. If the nanomeshes of the same thickness 
(35 nm) are placed on the IM structure (MeshIM structure, in Fig. 4-4(c)) by employing 
the wedging transfer technique, from the spectra of IM and MIM structures, a quick guess 
of the MeshIM reflectance would be around 40% in the visible range. However, the 
measured reflectance spectrum (the black solid line in Fig. 4-4(d)) turns out to exhibit a 
slightly shifted but even broader and more pronounced minimum than that of the IM 
structure. This seemingly contradictive result comes from the broadness and 
featurelessness of the random nanomeshes. Though lying out of the subwavelength limit 
for the Maxwell-Garnett effective medium theory, [9] the random Ag nanomeshes and the 
underlying a-Si film can be viewed as a single layer of an effective medium, as suggested 
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in Ref [32]. In this picture, the optical response of the MeshIM structure can be seen as 
an effective IM structure, with the new “effective a-Si” as the insulator that governs. 
 
Figure 4-5 Schematic views of broadband absorbers based on (a) a checkerboard 
structure (Section 4.1) and (b) aperiodic nanomesh. (c) Absorptance of structures in the 
visible range: red dotted line, checkerboard simulation; black solid line, nanomesh 
experiment; black dashed line, nanomesh simulation. SEM micrograph of the Au 
nanomesh in (b) can be found in the inset. The scale bar in the inset of (c) is 2.5 μm. 
 
Based on the above discussion, a broad-band metamaterial superabsorber could be 
made using random metallic nanomeshes, inspired by the structure based on a 
checkerboard island pattern, whose schematic layout is shown in Fig. 4-5(a). This 
structure has been recently proposed as a basis for a new class of ultra-thin solar cells, 
and demonstrated by simulations, requiring a featureless, flat spectral response of the 
front electrode. [13,32] Since the random nanomeshes offer a similar response, they have 
the potential to work as a replacement of the checkerboard pattern. As proof of concept 
for this hypothesis, we have sputtered a 12 nm a-Si film on a silver coated (200 nm) 
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silicon wafer substrate, followed by the deposition of a 35 nm thick random Au 
nanomesh, and 60 nm thick SiO2 film. The layout of the structure is shown in Fig. 4-5(b). 
The structure was prepared using the same techniques mentioned above, with SiO2 
deposited by magnetron sputtering. The SEM micrograph of this structure before SiO2 
deposition is shown in the inset of Fig. 4-5(c). The reflectance was measured as before 
with Hitachi U2001 spectrometer. Since the structure is non-transparent, the absorbance 
is given by A = 1–R, and is shown in Fig. 4-5(c) as a black solid line. As expected, the 
absorbance is broad-band and large, with over 85% in the entire visible domain where the 
a-Si interband transitions are most pronounced. In comparison to the simulated 
absorbance of the checkerboard island pattern structure of Ref [32], shown in Fig. 4-5(c) 
as a red dashed line, the absorbance is only slightly smaller, but just as broad as in the 
considered range. Finally, we perform the simulations of our nanomesh structure by 
employing the CST Microwave Studio software package, based on the FDTD method. 
The random nanomesh pattern in the simulation was modeled directly from a 1500 nm × 
1500 nm section of the SEM micrograph, marked by an orange rectangle in the inset of 
Fig. 4-5(c). Dielectric functions for all materials were taken directly from experimental 
data. [16-17] The simulation result is shown as a black dashed line in Fig. 4-5(c), in good 
agreement with the corresponding experimental results in the wavelength range 400-650 
nm. For wavelengths above 650 nm, the experimental absorbance is larger than the 
simulated one. This discrepancy is due to an insufficient absorption in the modeled 
dielectric functions of the metal and possibly a-Si. We point out that this parameter can 
vary and depends strongly on a specific deposition technique, as illustrated by differences 
in the experimental.[16-18] 
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To estimate the potential for photovoltaic applications we have calculated energy 
absorption partitions in individual layers of the nanomesh structure, shown as the four 
lines in Fig. 4-6. As can be seen from the blue solid line with circles, more than 70% of 
the energy goes into the 12 nm thick a-Si layer at the maximum around 500 nm. Under 
solar illuminance of AM1.5 on the earth surface, this spectrum means 57% of the total 
solar energy from 400 nm to 700 nm is absorbed by the a-Si layer. As the wavelength 
increases towards the bandgap of a-Si around 700 nm, the imaginary part of the 
permittivity decreases fast and thus the energy absorbed in a-Si was overtaken by Au 
nanomeshes. The energy dissipation in metallic parts is not favored for solar cells. 
Preliminary simulation indicates this problem can be solved by replacing a-Si with other 
photovoltaic materials with a smaller bandgap, such as c-Si and Ge, where absorption in 
nanomeshes is much less. 
 
Figure 4-6. Energy distribution of absorbed solar energy in individual layers: total (black 
solid line), a-Si (blue solid line with circles), Au nanomeshes (red dashed line with 
triangles), and Ag back reflector (pink dotted line with reverse triangles). 
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Compared with 250~300 nm thick a-Si used in common a-Si solar cells, the 
nanomesh structure achieves high absorption with much less material (12 nm vs. 300 nm, 
only 1/25th). As an estimate, with existing reported conversion efficiency of 2.5% for 20 
nm thick a-Si solar cell and 10.1% for the best conventional a-Si solar cells,[22,33] the 
same amount of a-Si could be used to generate 5 times more electricity in such ultrathin 
cells than in common cells. In addition, the connecting metallic nanomesh is proven to be 
very conducting, with sheet resistance less than 10 Ω/□. This creates the possi il ity of 
reducing fabrication costs by removing the expensive ITO and the full structure such as 
Fig. 4-5(b) can work as a promising platform for a new generation of soft and flexible 
solar cells.[34] 
 
4.3 A coherence model for random structures  
 
Optical multilayer systems, which consist of multiple layers of dielectric or metallic 
films, are widely used in a variety of applications ranging from heat-shielding coatings to 
cutting-edge technology such as nano-lasers. [9,35]  In past few decades, accompanied by 
the fast development of micro- and nano-fabrication techniques, development of 
subwavelength optics also gained a strong acceleration. The integration of periodic 
subwavelength optics and multilayer systems has led to a number of fascinating 
phenomena, including the emergence of metamaterials, negative refraction, and 
extraordinary optical transmission.[36-41]  Recent years has seen increasing research 
interest in understanding optical phenomena in disordered and random structures and a 
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substantial amount of work has been devoted to this area, including deterministic 
aperiodic nanostructures, nano-antenna, random metamaterials and broadband solar 
absorber.[42-47] 
In parallel to this development, numerical simulation techniques, such as FDTD 
and finite element method (FEM), have been proved quite helpful in understanding 
optical phenomena of periodic structures. [48-49]Yet, these approaches in general are not so 
successful for random structures. This is because too much computer memory is usually 
needed to perform the meshing process and equation solving, and it is impossible to 
simplify the random structures by assigning a unit cell.[43] An approximate understanding 
of the structures can be achieved by employing analytical modeling in the subwavelengt 
limit, when the excitation wavelength is much longer than the feature sizes. This allows 
to treat the random structures as a uniform film with an average dielectric function. One 
of the simplest averaging schemes is the Maxwel-Garnet model, which simply weights 
the dielectric response by an area fraction.[50-52] In the opposite extreme, in the 
superwavelength limit, where the excitation wavelength is much smaller than the feature 
sizes, the simple ray optics can be employed. This results in a simple areal averaging of 
the reflectance or transmittance. However, by exploring the optics of multilayer systems 
consisting of thin metallic films with intermediate random perforations, we notice that 
these approximations are not good enough and may even fail. Thus we propose a 
coherence model to handle such random structures and show that such a model can work 
as a reliable alternative to satisfy this urgent need. 
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Fig. 4-7. Schematic of three multilayered structures. (a) MIM structure and visible light 
reflection spectra of 35 nm Au/ varying SiO2 thickness/ 200 nm Ag structure at 50° 
incidence; top metal layers are perforated with (b) subwavelength holes and (c) 
superwavelength holes. The subwavelength model treats the top layer as an effective 
medium, forming an effective medium/insulator/metal (EIM) structure, while the 
superwavelength model sees the multilayers as combination of individual MIM and IM. 
The dashed rectangles in (b) demonstrate the effective picture of local dipolar response 
under application of electric fields. 
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Fig. 4-8. Simulated reflection spectra of MIM structures in the visible range: varying 
thickness metal/ 188 nm SiO2/ 200 nm at 50° incidence. Both Au (left panel) and Ag 
(right panel) are shown in the figure. 
 
One of the simplest multilayer systems is an MIM system, whose optical behavior 
has been well studied since 1940s. [9,54-56] Such a three-layer structure consists of a semi-
transparent metal layer, a dielectric layer and an opaque metal as the back reflecting film 
(Fig. 4-7(a)). At certain wavelengths, the beams reflected from the two metal surfaces are 
out of phase and thus form destructive interference. The right panel in Fig. 4-7(a) shows 
the calculated reflectance at 50° incidence of an Au/SiO2/Ag structure with varying 
thickness of SiO2 from 100 to 300 nm, 35 nm for Au and 200 nm for Ag. As the optical 
thickness of the dielectric layer (SiO2) increases, the reflectance minimum evolves 
towards longer wavelengths. However, when the thickness of SiO2 is fixed to 188 nm, 
whether the top layer thickness varies, or even the material is replaced with Ag, the 
reflection spectrum is only slightly altered, as shown in Fig. 4-8. Fig. 4-7(b) and (c) 
illustrate the situation when the top layer is not continuous but perforated with random 
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holes. When the perforations are much smaller than λ (Fig. 4-7(b)), in the effective 
medium picture, the top layer can be viewed as an array of polarizable particles (dashed 
rectangular). Since application of the external local field will induce dipoles at both metal 
and air sites, the total polarization summed over the two types of sites can be evenly 
distributed over the whole film. Therefore, the multilayer is equivalent to an effective 
medium/ insulator/ metal (EIM) structures.[50-52] In the superwavelength limit, since the 
beam incident on the perforations and metals are spatially incoherent, the system can be 
viewed as an incoherent combination between MIM and IM structures weighted by their 
corresponding area coverage (Fig. 4-7(c)). 
These theories are quite successful in understanding optical response of multilayer 
systems with no holes, very small holes and very large holes.[37, 57]  Since, grain boundary 
lithography (GBL, introduced in Chapter 2) is proved to be a reliable and controllable 
way to fabricate large scale thin metallic films with random perforations of about 1 
µm.[58-59] This makes it possible for us to investigate optical behavior of perforated films 
in the missing intermediate regime. 
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Fig. 4-9. SEM image of a 35 nm thick Au film with 70% random perforations in the (a) 
top view and (b) side view; (c) a schematic view of the multilayer system consisting of 
the perforated Au film; and (d) reflectance spectra of the structure in (c) at 50° incidence, 
including experiments (black solid) and calculation from continuous film model (red 
dashed), superwavelength model (blue dotted) and subwavelength model (pink dash-
dotted). Scale bars are 1 µm. 
 
By combining GBL and wedging transfer,[60] we fabricated a three layer system 
on a silicon wafer: 35 nm thick perforated Au film (30% metallic coverage)/ 188 nm 
SiO2/ 200nm Ag and measured its reflectance from 250 nm to 1100 nm at an incident 
angle of 50°. The top and side views of the scanning electron microscope (SEM) images 
are shown in Fig. 4-9(a) and Fig. 4-9(b), with a schematic plot of the multilayer shown in 
Fig. 4-9(c). Assuming the metallic volume fraction (p) is the same as the 30% area 
coverage, three calculation results are generated in Fig. 4-9(d) to simulate the existing 
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intermediate structure using the above mentioned methods to accompany the experiment 
(the black solid curve). The continuous film model (the red dashed curve) is a 
conventional MIM structure (Au/SiO2/Ag), but with only 12 nm thick Au layer (30% of 
35 nm) to keep the metal volume. The superwavelength model (the blue dotted curve) is 
the average between reflectance of Au/ SiO2/Ag (MIM) and SiO2/Ag (IM), weighted by 
their respective area coverage. The subwavelength model (the pink dash-dotted curve) 
applied the effective medium approximation to the top film (the Maxwell-Garnett model, 
details can be found in the supplementary information), forming an effective medium/ 
SiO2/ Ag (EIM) multilayers. From Fig. 4-9(d), it can be seen that, in the short 
wavelength range (250 – 650 nm), both the continuous film model and the subwavelength 
model can grasp the general trend of the experiment including all the reflection maxima 
and minima, while the superwavelength model misses several features. In the long 
wavelength range (650 – 1100 nm), however, a huge deviation from the experiment is 
observed in all three models. The experimental spectrum has a very broad minimum 
around 950 nm and a slow pick-up starting from 1100 nm. Though all existing models 
indicate a minimum in this range, none of their locations, lineshapes or bandwidths is in 
the right place. This deviation is even larger in the IR range, which will be discussed 
below in Fig. 4(b). Most surprisingly and importantly, since the size of the perforations is 
in the intermediate regime, this minimum would be expected to be located in the window 
outlined by the subwavelength and superwavelength models (670 – 820nm). But the 
experimental result reveals that it is located far out of this bracket. 
This significant deviation indicates that none of these models is capable of 
calculating random structures in this intermediate range and some important physics is 
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missing. In the subwavelength limit, all individual sites have been averaged on the 
material level as if they behave collectively as a continuum, and thus the system is 
viewed as a single inseparable multilayer (Fig. 4-7(b)); on the other hand, in the 
superwavelength limit, individual contributors do not interfere with their neighbors due to 
spatial incoherence, and thus the whole system is viewed as an algebraic sum of MIM 
and IM multilayers (Fig. 4-7(c)). However, neither of these pictures is true in the 
intermediate range: the metal and perforated sited are small enough for cross talks to 
occur between the sites as an effective continuum (similar to the subwavelength model) 
but at the same time large enough as individual wavefront contributors (similar to the 
superwavelength model). These arguments shine light on answering why these models do 
not work in the intermediate range: the failure of models at either limit lies in that the 
contribution from the other limit is totally ignored. 
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Fig. 4-10. (a) Schematic view of a random perforated film (material A) and filled with 
material B (left panel). This picture can be approximately treated as three region 
combination, where the border regions are filled with an effective medium. (b) side view 
of the multilayer structure: an effective medium region exists at the boundary between 
the metal and the perforations, whose effective area is dependent on the wavelength of 
the incident light. 
 
Now, consider the total area can be split into four different regions, whose areas 
are   ,    ,     , and    (Fig. 4-10(a) left panel). Region     is the part of the dielectric 
sitting along all the borders between the metal and air. Region    is its counterpart on the 
metal side. Regions   and    are center regions for holes and metal respectively. In this 
separating scheme, Regions     and    are the regions where charge distribution is 
disturbed under the presence of incoming electromagnetic waves. If we introduce a 
Region   as sum of Regions     and    (Fig. 4-10(a) right panel), Region   is a 
collection of random narrow regions that contains both metal and air in vicinity much 
smaller than the wavelength. Therefore, we may assume this highly correlated boundary 
region is occupied by an effective medium.[60-61] 
As we see from the above, the area of Region   is a very complicate function, 
which is determined not only by the detailed geometry of the system and materials but 
also by  . Therefore, we introduce a significance function      
  
 
  to denote the area 
coverage fraction of the effective boundary region. Assuming partial waves contribution 
from random patterns are directly related to their area coverage. Since the original area 
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coverage of metal is  , we immediately have 
  
 
                and 
   
 
    
       . 
Thus, once      is known, the optical response from the whole film can be 
immediately calculated. Since electromagnetic field at boundaries in general penetrates 
and decays in an exponential way regarding the distance to the interface (e.g. surface 
plasmon), [15,62,63] we may assume the width of the effective medium strips follows the 
same trend. Therefore,      could be replaced by    
 
 , where parameter   is a 
characteristic length that denotes how significant the effective medium’s presence is for 
different incident wavelengths. 
Applying the above models to the current reflection problem, we can easily get 
the reflection coefficient      for the multilayers in Fig. 4-10(b)[9, 64] 
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where        ,        and         are the reflection coefficients of the complex electric 
field of the MIM structure, IM structure and EIM structure (Fig. 4-7) and can be 
calculated using Eq. (1.6). All three quantities are functions of optical constants and 
thicknesses of individual layers, while          also depends on selection of the effective 
medium models and  . Specific to a perforated Au film with metallic coverage of  , the 
effective permittivity of Maxwell-Garnett model can be expressed as 
        
            
          
                                                  
It can be clearly seen from Eq. (4.8) that when λ is much larger than ξ, the individual 
contribution terms are much smaller than the second term, thus most of the area is 
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covered by the effective medium (subwavelength model,     ). In the other extreme 
λ<<ξ, the      term is turned off and   only has contribution from the first two terms, 
indicating a fully coherent yet strictly separable system. In this limit, if the spatial 
incoherence condition between MIM and IM structures is revoked, we get 
               
               
                                   
which immediately recovers the superwavelength model. 
 
Fig. 4-11. Real and imaginary parts of the optical constants of (a)Ag, (b)Au and (c)a-Si 
from reference  
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Fig. 4-12. Reflectance of 35 nm perforated Au film/ SiO2/200 nm Ag at 50° incidence 
from experiments (black solid) and coherence model calculation (red dashed, using Eq. 3) 
with the dielectric layer of (a) 236 nm or (b) 188 nm thick; (c) reflectance comparison of 
the 236 nm structure at normal incidence between experiments and different models in 
the IR to mid-IR range. Calculated reflectance of the 188 nm structure at 50° incidence 
based on coherence model, with variation in (e) SiO2 thickness; (f) Au film thickness; (g) 
incident angle and (h) metallic coverage. Dashed lines mark the values comparable with 
the experiments in (a) and (b). 
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By applying optical constants from experiments (Fig. 4-11) and Maxwell-Garnett 
model (Eq. (4.9)) as the effective medium approximation to the coherence model (Eq. 
(4.8)), we calculated the reflectance of two multilayered structures (35 nm perforated Au 
film/ SiO2/ Ag with SiO2 thicknesses of 188 nm and 236 nm), as depicted in Fig. 4-12(a) 
and (b). It can be clearly seen that the coherence model not only agrees with experiments 
better than the other three models (Fig. 4-9(d)) in the short wavelength range (200 nm – 
650nm) but also is capable of successfully predicting a broad minimum around 1000 nm 
and the slow increase of reflection starting around 1100 nm. The deviation at about 550 
nm in both spectra (smaller reflectance in experiments), on the other hand, is due to the 
resonance in Au nanostructures at this wavelength reported in Ref [23]. Since the 
perforated films are really “aperiodic” than “random”, additional features are shown in 
the calculated spectra, which are not observed in the experiment (minima at 680 and 800 
nm for 188 nm structure; 790 and 920 nm for 236 nm structure). These additional minima 
correspond to reminiscence of those in the MIM and EIM structures (minima in Fig. 4-
9(d)). 
In the IR to mid-IR range, the coherence model is also the best among different 
models, shown as the red dash curve in Fig. 4-12(c). According to our calculation 
sweeping ξ shown in Fig. 4-12(d), when ξ is between 1 µm to 10 µm, the resulting 
spectra do not change much, while the best fit gives the characteristic length ξ about 1.4 
µm. This means when the wavelength is comparable to 1.4 µm, both the effective mixing 
and individual contribution are significant and the coherence model is quite insensitive to 
the detailed selection of ξ. The above observation also agrees with our initial expectation 
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since the diameter of random perforations is approximately 1 µm, according to the SEM 
image of the perforated film in Fig. 4-9(a). 
Just like the right panel of Fig. 4-7(a) for the MIM structure case, since the 
perforated film/insulator/metal is also a highly coherent multilayer, the reflectance is 
quite sensitive to the thickness of the dielectric layer: as the SiO2 thickness increases, a 
clear trend of red shift of all features can be observed in the perforated Au/SiO2/Ag 
structure (Fig. 4-12(e)). The spectrum, however, is found insensitive to the perforated 
film thickness and the incident angle (Fig. 4-12(f) and (g)). The metallic coverage plays a 
tricky role in the spectrum. From Fig. 4-12(h) we see that the existing broad minimum 
around 1 µm will shrink into narrow dip if the metallic coverage were higher than 50%. If 
we do not cross this threshold, the spectrum is quite tolerant to the change of  . These 
color maps (Fig. 4-12(d)-(g)) generated by coherence model imply ultrahigh tolerance to 
parameter changes of the perforated film. This clearly answers why we observed quite 
similar reflection (not shown here), so long as film parameters are not too different, even 
when the perforated metal film is prepared by dispersing Ag and Au nanowires and the 
film quality is poor.[65, 66] 
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Fig. 4-13. (a) SEM image of a perforated silver film (upper panel) and the reconstructed 
3D model (lower panel) of the multilayer for numerical simulation on reflectance; (b) 
reflectance spectra from the experiment, the calculation by coherence model (Eq. 3), and 
numerical simulation by CST MWS are shown for the comparison. Scale bar is 1 µm. 
 
The coherence model also outperforms numerical simulation when dealing with 
random structures in the intermediate range. Reflection from another structure with 
different materials and geometry (a 40 nm thick perforated Ag/50 nm a-Si/ 200 nm Ag) 
was collected in experiments, calculated using coherence model and simulated 
numerically in CST MWS. The calculation was performed using Eq. (4.8) based on the 
observed 30% metallic coverage. (Details can be found in the supplementary information.) 
The numerical simulation was performed on a 3D model reconstructed in CST MWS 
from the SEM image of a random section of the structure (Fig. 4-13(a)). The results were 
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shown in Fig. 4-13(b). It is quite clear that coherence model agrees with the experiment 
much better in the 700 – 1000 nm range, including accurately predicting the reflection 
minima, while the simulation works better in the longer wavelength range. In general, the 
size of the unit cell used in numerical simulation is limited by the computer memory. 
Unlike periodic structures, where the smallest unit can be directly assigned, random 
structures do not have such benefits. Thus the selected area (Fig. 4-13(a)) may often not 
represent the full structure and have additional local features that are not observable in a 
large area (multiple resonances at about 2 µm in blue dotted curve of Fig. 4-13(b)). To 
remove those local effects often requires average over multiple runs on multiple unit 
cells.[43, 58] Since it often takes hours for every single run to reach convergence, to get a 
reliable results for random structures in the intermediate range could take much more 
efforts. On the other hand, calculation of the coherence model, such as the red dashed 
curve of Fig. 4-13(b), can be finished using equations in just fractions of a second. 
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Fig. 4-14. (a) SEM image of a random perforated Au film on CaF2; (b) schematic side 
view of the perforated film; and (c) transmittance spectra of the film from experiment in 
comparison with the results from three different models. Scale bar is 1 µm. 
 
This model (Eq. (4.11)) can also be used to understand transmission systems of 
random structures in the intermediate range (Fig. 4-14(a)). Similar to the reflection 
scenario, the total transmission      can be attributed to the partial transmission through 
the continuous effective film and partial transmission through individual metal parts and 
holes 
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where       ,         and       are the transmission coefficients of the complex electric 
field of metal, air and the effective medium. Fig. 4-14(b) shows the comparison between 
the experiment and calculation from different models for 35 nm thick perforated Au film 
(30% Au coverage) on CaF2 in the range from 200 to 10000 nm. Coherence model agrees 
quite well in the short wavelength range (200 – 550 nm) and the long wavelength range 
(above 3000 nm), while the other two models demonstrate huge deviation in the above 
two ranges. The coherence model only considers conventional wave optics with from the 
individual and collective global contribution. Thus, when other mechanism is present, 
such as forward scattering from individual particles or enhanced electromagnetic 
resonances from metamaterials, discrepancy is expected: the deviation in the 500 – 3000 
nm range can mainly be attributed to forward scattering of the perforations, which can be 
rigorously solved by the Mie theory.[67] One other point needs to be mentioned is that, 
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even for the similar geometry, different optical systems may have different coherence 
lengths. The coherence length in the transmission system in this case (ξ~14 µm) is found 
to be one order of magnitude greater than the reflection system (ξ~1.4 µm). 
 
Fig. 4-15 Reflectance of multilayer structures from both calculation and experiments 
One of the direct applications of the coherence model is to design novel 
multilayer structures consisting of random structures in the intermediate range. Fig. 4-15 
shows the calculation for three structures consisting of thin a-Si layers: 35 nm Ag/ 20 nm 
a-Si/Ag (MIM), 20 nm a-Si/Ag (IM), and 35 nm perforated Ag film/ 20 nm a-Si/Ag. 
According to simulation from the coherence model, the reflectance of the third structure 
is lower than the IM structure in the whole visible range. This is counter-intuitive because 
the structure has a non-negligible metallic coverage of more than 30%. However, it turns 
out that measured reflectance spectrum exhibits a slightly shifted but even broader and 
more pronounced minimum than that of the IM structure and thus indeed supported the 
calculation results. This important structure can be used as a platform for ultrathin a-Si 
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solar cell, since the perforated Ag film can serve as the front end window electrode. This 
may create ways leading to possible cell designs that can remove the use of ITO. 
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Chapter 5 Conclusion 
 
In summary, this thesis studied different aspects regarding the nano-optics of 
perforated metallic films in the UV-VIS-IR range. 
In Chapter 1, I provide a brief review on thin film optics, plasmonics, and principles 
of the finite-difference time-domain (FDTD) simulation techniques, which are the basis 
for the work in this thesis. 
In Chapter 2, various techniques to fabricate thin metallic films with perforations 
are introduced, including nanosphere lithography for periodic patterns, grain boundary 
lithography for aperiodic patterns, and random silver nano-networks by crack template 
and sintered nanoparticles. These novel and cost-effective techniques can find extensive 
applications in photovoltaics, flexible electronics, touch screens and design of sensors, 
where transparent electrodes are urgently needed. They also provide platforms for the 
study of nano-optics in the ultraviolet-visible-infrared range. 
In Chapter 3, optical properties of series of perforated metallic films are studied. By 
FDTD simulation, I compare transmission properties of plasmonic and non-plasmonic 
nanoribbon gratings, and show that plasmonic effect can lead to anomalous and reverse 
polarizer action. In the scenario of photovoltaic applications, I demonstrate that a 
perforated metallic film deposited on a substrate with a sufficiently large dielectric 
constant can develop a broad-band frequency window, where the transmittance of light 
into the substrate becomes essentially equal to that in the film absence. The location of 
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this broad-band extraordinary optical transmission window can be engineered in a wide 
frequency range (from UV to IR), by varying the geometry and the material of the 
perforated film as well as the dielectric constant of the substrate. Evolution of plasmonic 
resonances is also studied in a percolation series of periodic structures evolving from 
arrays of holes to arrays of quasi-triangles. The experimental observation is in agreement 
with the general percolation theory. 
In Chapter 4, optical response of multilayer systems, especially the 
metal/insulator/metal structures consisting of perforated films, is investigated. It is shown 
that a planar structure, consisting of an ultrathin semiconducting layer topped with a solid 
nanoscopically perforated metallic film and then a dielectric interference film, can highly 
absorb (superabsorb) electromagnetic radiation in the entire visible range, and thus can 
become a platform for high-efficiency ultrathin solar cells. Based on this design, a broad-
band multilayered structure with 12 nm thick a-Si as the dielectric layer is constructed 
using aperiodically perforated metallic films. Such a structure is found to be able to 
absorb 89% of the total solar energy in the visible range and is a good candidate for high 
efficiency photovoltaics with ultra-thin active layers. I also propose a coherence model to 
handle optical response of multilayer systems consisting of thin metallic films with 
random perforations. This model considers both the local spatial interference and the 
effective contribution from the high correlation region along the perforation edge. It can 
be seen as a bridge between the subwavelength and superwavelength limits and provides 
an alternative way to generate reliable results to avoid large quantity of numerical 
computation. 
